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John H. Laragh, mD and Giuseppe Mancia, MD 


igh blood pressure is the leading single 

risk factor predisposing to premature sick- 

ness and death. It is the major factor 
predisposing to congestive heart failure, heart 
attack, stroke, and kidney failure, which collec- 
tively comprise the leading cause of all sickness and 
death. 

Some 25 years ago, an explosion in our knowl- 
edge about high blood pressure began. At that 
time, it was established by the U.S. Veterans 
Administration Study that if you reduce blood 
pressure effectively by drug therapy, you can pro- 
tect patients from stroke and other morbid events 
such as congestive heart failure and renal failure, 
but not from a heart attack. Even today there is still 
doubt about whether antihypertensive therapy 
can protect from subsequent coronary events, 
which are, by far, the major morbid burden and the 
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major cause of premature mortality in hypertensive 
patients. 

The significant benefits of antihypertensive ther- 
apy have been abundantly verified in clinical trials, 
using older medications and involving a diuretic- 
based regimen in which agents such as B blockers 
and other, older drugs, are added to a diuretic to 
achieve the desired blood pressure reduction. In 
this regard, it has remained possible that the types 
of antihypertensive agents used might explain the 
failure to achieve full cardioprotection. Thus, as 
knowledge has grown in the past 25 years, we are 
becoming increasingly aware, with the develop- 
ment of more and more specific drugs with a 
diversity of types of action, that lowering the blood 
pressure itself may not be enough, or may not even 
be the primary goal. It now seems that our ultimate 
goal is not to control the blood pressure level per 
se, but to lower it in a manner that will eliminate or 
reduce those attendant consequences that cause 
premature sickness and death—i.e., mainly coro- 
nary artery disease and its expressions. 

In parallel, over the past 25 years there has also 
been an explosion in drug development that has 
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produced 2 new major classes of pharmaceutical 
agents that theoretically might have greater prom- 
ise for producing more cardioprotection with reduc- 
tion in premature morbidity and mortality to rates 
seen in normotensive people. One of these 2 
classes are the calcium antagonists, which modify 
vascular tone and cardiac performance by reducing 
cytosolic calcium levels. These agents have been 
shown to have an antiatherogenic effect in both 
animal and human studies. To date, however, 
controlled trials have been limited and convincing 
evidence of protection from angiographic coronary 
artery disease remains undocumented, although 
beneficial effects on coronary artery disease have 
been shown in preliminary reports using either 
verapamil or diltiazem (MDPIT and DAVIT II 
studies). Also, prevention or regression of left 
ventricular hypertrophy with these drugs has been 
demonstrated in some studies. More work is needed 
to verify or refute these preliminary impressions. It 
seems possible that longer-acting dihydropyridine 
calcium antagonists, which do not activate the 
sympathetic nervous system, such as amlodipine or 
lacidipine, could have special promise for achiev- 
ing significant cardioprotection. 

A second class of drugs developed over the past 
25 years, the converting enzyme inhibitors, holds 
special promise for cardioprotection. No clinical 
trials in essential hypertension are available. How- 
ever, these drugs are promising because in patients 
with congestive heart failure (SOLVD and SAVE 
Studies) and in those who have already had a 
myocardial infarction, converting enzyme inhibitor 
therapy has in fact been shown to be superior to 
diuretic therapy for preventing heart attacks. Al- 
though these findings are encouraging, only pro- 
spective trials can finally establish the true cardio- 
protective benefit of converting enzyme inhibition 
over conventional therapy in patients with high 
blood pressure. 

Meanwhile, in the absence of definitive informa- 
tion, extrapolation from another large body of 
accumulating evidence suggests that containment 
of the renin—angiotensin system may be an attrac- 
tive strategy for achieving correction of the in- 
creased morbidity and mortality associated with 
the presence of high blood pressure. As recently as 
25 years ago, nobody in the world thought that 
plasma renin had anything to do with high blood 
pressure. Now we know that the renin—angiotensin— 
aldosterone system is a major servo-control for the 
simultaneous normal regulation of sodium balance 
and arterial blood pressure. We also know that 
specific derangements of the renin—angiotensin 


system associated with inappropriately or abso- 
lutely increased levels of plasma renin in the blood 
can play a role in causing or sustaining a hyperten- 
sive condition. Furthermore, excesses of plasma 
renin—angiotensin in both humans and experimen- 
tal animals have been associated with more clinical 
coronary events and with changes in the myocar- 
dium resembling acute myocardial infarction.’ 

In humans, Brunner et al? first described a 
powerful retrospective association between plasma 
renin levels and myocardial infarction and stroke, 
and protection from these events in patients with 
low plasma renin levels despite their greater age 
and even higher systemic blood pressure levels. 
Similar results have recently been reported in a 
prospective controlled trial of patients with mild 
hypertension.’ Further, animal studies describe 
lesions in the heart after mildly pressor infusions of 
renin or angiotensin that resemble an early human 
myocardial infarction (Laragh and Sealey,! Gavras 
et al,* Giacomelli et al). 

Evidence has also emerged suggesting that other 
pathophysiologic changes associated with excessive 
plasma renin activity may increase the risk of 
morbid events in hypertensive patients. Thus, it has 
been found that white males, who suffer most of 
the heart attacks, are the only group in whom 
plasma renin levels fail to decline over age 50.6 
Another study has shown that diurnal variability of 
the blood pressure as revealed by 24-hour monitor- 
ing is closely associated with the plasma renin 
level.’ The factors responsible for blood pressure 
variability need to be further investigated, and it is 
likely that not only the renin-angiotensin system, 
but also autonomic cardiovascular control and 
other mechanisms, are involved. The issue is 
important, however, because for any given level of 
24-hour mean blood pressure, blood pressure vari- 
ability has been shown to correlate with hyperten- 
sive target organ damage.’ This correlation has 
been shown both in cross-sectional and in fol- 
low-up studies, suggesting that the adverse conse- 
quences of hypertension on the cardiovascular 
system may depend both on prevailing blood pres- 
sure values and on the magnitude (and possibly the 
rate) of blood pressure variations. This would 
imply that antihypertensive drugs should be as- 
sessed not only for their ability to lower blood 
pressure means, but also for their ability to lower 
blood pressure variability. 

Accordingly, by extrapolation, containment of 
inappropriate renin—angiotensin system activity in 
hypertensive patients provides a theoretically attrac- 
tive strategy for protection of attendant cardiovas- 
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cular morbidity and mortality. Also, what may be 
relevant to this strategy is the fact that trandolo- 
pril, a compound developed by the sponsors of this 
symposium, is a converting enzyme inhibitor with a 
very long duration of action, making it especially 
suitable for once-a-day use to achieve a continu- 
ous, smoother suppression of the renin system. We 
are pleased to organize and arrange this sympo- 
sium to probe some of these possibilities and their 
implications for patient care. 
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Clinical Value of Blood Pressure Measurements: 
Focus on Ambulatory Blood Pressures 


Stefano Omboni, mp, Alessandra Frattola, mp, Gianfranco Parati, mp, Antonella Ravogli, MD, 
and Giuseppe Mancia, MD 





Because clinic blood pressure values are com- 
promised by 2 major limitations—the alerting 
reaction to clinic measurements and the sponta- 
neous blood pressure variability—they have only 
a limited correlation with average 24-hour blood 
pressure values. Whether the latter should be 
employed routinely in substitution for, or in addi- 
tion to, traditional blood pressure measurements 
has not yet been determined, however. To date, 
average 24-hour blood pressure values have 
been shown to correlate more closely than clinic 
blood pressure values with the organ damage of 
hypertension. A correlation with organ damage 
has been shown also for a number of blood pres- 
sure values within the 24 hours. Nevertheless, 
the clinical importance of 24-hour blood pressure 
and blood pressure variability has never been 
confirmed by prospective controlled studies. This 
information needs to be obtained before this ap- 
proach is routinely employed in the clinical 
practice. 

(Am J Cardiol 1992;70:4D-—8D) 
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large number of epidemiologic studies 
A have shown that although systemic blood 
pressure values, as determined by the 
traditional method of measurement, i.e., by sphyg- 
momanometer in the clinical setting, is related to 
the incidence of cardiovascular morbidity and mor- 
tality,! the relation is far from close. One explana- 
tion for this may be genetic differences in individ- 
ual susceptibility to the cardiovascular damage 
produced by a blood pressure elevation. It can also 
be explained by the fact that other cardiovascular 
risk factors (dyslipidemia, smoking, diabetes, stress, 
etc.) obscure the basic relationship between blood 
pressure and cardiovascular complications. 

However, a third possibility (not exclusive of the 
previous ones) is that clinic blood pressure measure- 
ments are to some extent inadequate in reflecting 
the real life daily blood pressure values due to (1) 
the limited ability of sphygmomanometry to detect 
systolic and diastolic blood pressure precisely, 
particularly in overweight and elderly patients; (2) 
the patient’s “alerting reaction,” inherent to clinic 
blood pressure measurements, which variably over- 
estimates initial blood pressure and underesti- 
mates the antihypertensive effect of treatment in 
many patients (so-called “white coat” hyperten- 
sion),? and (3) the low number of values provided 
by traditional sphygmomanometry with respect to 
the hundreds of thousands of values occurring over 
the 24 hours. 

In fact, this is the most serious limitation, 
because blood pressure is so highly variable during 
the 24 hours that in most subjects peak-to-trough 
differences over this time interval are greater than 
50 mm Hg.*» Thus, it is not surprising that clinic 
blood pressure has invariably been found to be 
higher than 24-hour or day-time blood pressure 
means®* and that these values have always been 
shown to have only a limited correlation with each 
other. This is exemplified in Figure 1, which refers 
to subjects classified into 4 groups according to the 
World Health Organization (WHO) criteria for 
definition of normotension, borderline hyperten- 
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TABLE | BP and Organ Damage in Hypertension 


Ambulatory blood pressure correlates more closely than clinic blood 
pressure to: 

e Left ventricular mass 

e Impaired systolic function 

e Impaired diastolic function 








Albuminuria 
Cerebral lacunae 
(as shown by nuclear magnetic resonance) 


BP = blood pressure. 






sion, and mild and severe hypertension.’ The 
points represent the 24-hour mean blood pressure 
(intra-arterial recording) in each individual, and it 
is clear that their values overlap markedly between 
the groups. This overlap gives a measure of the lack 
of correspondence between the classification of 
blood pressure values employed traditionally and 
the actual 24-hour prevailing blood pressure regi- 
mens.’ 

The above considerations raise the question 
whether clinic blood pressure should be replaced 
or complemented on a routine basis by data ob- 
tained via ambulatory blood pressure measure- 
ment—i.e., whether ambulatory blood pressure 
measurement improves the diagnosis of hyperten- 
sion, the prediction of the risk, and the estimation 
of the need of treatment. In the opinion of the 
authors this question cannot yet be given a positive 
answer because (1) conclusive evidence is not yet 
available on ambulatory blood pressure normalcy 
(preventing any reliable conclusion as to whether 
the ambulatory blood pressure values are within, 
above, or below the normal range) and (2) the only 
evidence on the prognostic value of ambulatory 
blood pressure comes from uncontrolled follow-up 
data. No controlled prospective study is available 
to prove conclusively that ambulatory blood pres- 
süre values are related to the incidence of cardio- 
vascular complications and that their predictive 
power adds to the prognosis offered by clinic blood 
pressure measurement. 

However, these negative considerations are tem- 
pered by several promising findings. A large num- 
ber of studies have shown that the prognosis of 
hypertensive organ damage is more closely related 
to 24-hour or daytime ambulatory blood pressure 
mean than to clinic blood pressure values.!” This is 
the case when the damage is quantified by a 
comprehensive score, taking into account the his- 
tory, the physical examination, and the laboratory 
examination of the hypertensive individual.!!-!? It is 
also the case when more precise estimates of the 
consequence of hypertension on various organ struc- 
tures and functions are considered (Table I).!°!*-! 


TABLE II 24-Hour Blood Pressure and Hypertensive Organ 
Damage* 


Work BP (left ventricular mass) 

Exercise BP (left ventricular hypertrophy) 

Morning BP rise (myocardial ischemia, infarction, sudden death) 
Sleep BP (left ventricular mass) 

BP variability (overall organ damage score) 


BP = blood pressure. 
*Direct correlation in all instances. 


As shown in Table II, evidence is also available 
that the organ damage of hypertension is related to 
some blood pressure values occurring within the 24 
hours (exercise blood pressure, work blood pres- 
sure, peak blood pressures, etc.).> We have shown 
that the damage assessed by the comprehensive 
score is to some extent related to 24-hour blood 
pressure variability, i.e., in untreated hypertensive 
subjects having similar 24-hour mean blood pres- 





FIGURE 1. The 24-hour mean arterial pressure values in 
175 subjects who underwent intra-arterial monitoring. The 
subjects were subdivided into a normotensive group (N), a 


sure (<90 mm Hg = normotensive, >90 and <95 mm 

Hg = borderline hypertensive, >95 and <110 mm 

Hg = moderately hypertensive, and >110 mm 

Hg = severely hypertensive). The bars show the average 
24-hour values for each group. (Adapted with permission 
from J Cardiovasc Pharmacol.*) 
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TABLE Ill Multiple Regression Analysis and Blood Pressure 
Parameters 


Initial 
Evaluation 















Clinic MAP 





24-hour MAP 0.18 
24-hour MAP SD 0.23 p <0.05 
TOD 






Follow-up clinic MAP 
Analysis was between clinic blood pressure (BP), 24-hour BP + standard deviation 
at initial evaluation, and target organ damage and clinic BP at follow-up (7.4 + 2.1 
years + SE);n = 75. 

r = 0.55 multiple correlation coefficient; Beta = standardized regression coefficient. 
h MAP = mean arterial pressure; SD = standard deviation; TOD = target organ 
amage. 


sure values (intra-arterial recording), the damage 
tends to be greater when the standard deviation of 
the 24-hour values is greater, and vice versa.!? This 
allows speculation that hypertensive organ damage 
depends both on the mean blood pressure level 
and on the extent of the blood pressure variations. 
Of course, caution should be employed in interpret- 
ing cross-sectional relationships in a cause-effect 
fashion, and also the clinical importance of blood 
pressure variability needs to be confirmed by longi- 
tudinal observations. 

This was done in 73 hypertensive patients (out 
of the 108 in the above cross-sectional study) who 
were reexamined after 7.5 years of variably effec- 
tive antihypertensive treatment. During this period 
the organ damage score remained unchanged or 
was reduced in 55.7% patients, whereas in the 
remaining 44.3% it was increased. On multivariate 
analysis the actual organ damage was significantly 
related to the pretreatment organ damage and the 
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clinic blood pressure values obtained during the 
treatment phase. Out of the hemodynamic data 
available at the pretreatment examination (clinic 
blood pressure, 24-hour intra-arterial mean blood 
pressure, 24-hour blood pressure standard devia- 
tion), only 24-hour blood pressure standard devia- 
tion showed a significant relationship with the 
actual organ damage (Table III). 

With key evidence lacking and only promising 
information available, what might be the most 
appropriate clinical use of ambulatory blood pres- 
sure monitoring? In our opinion, clinic blood 
pressure measurements should remain the refer- 
ence value for diagnosing hypertension and decid- 
ing on treatment in most patients. Clinic blood 
pressure measurements should remain the refer- 
ence value also for the evaluation of antihyperten- 
sive treatment, except perhaps when a persistent 
marked alerting reaction raises the possibility that 
the real effect of treatment is obscured. On the 
other.hand, ambulatory blood pressure monitoring 
should be used for clinical studies on antihyperten- 
sive drugs to ensure that the treatments employed 
are capable of causing what common sense sug- 
gests to be appropriate, i.e., an even reduction in 
blood pressure throughout the 24 hours. 

Considering that (1) night-time blood pressure 
values are higher in hypertensive than in normoten- 
sive subjects (Figure 2) and (2) in hypertensive 
subjects organ damage is related not only to the 
elevated blood pressure values occurring during 
the day but also to the reduced values occurring 
during the night, it seems reasonable to suggest 


MEAN VALUES#SE 


o——o normotensives (n=22) 





o——© mild hypertensives (n=26) 


bpm 
130 


19 22 1 4 7 


@—® more severe hypertensives (n=41) 


FIGURE 2. Hourly mean arterial pressure (MAP) and heart rate (HR) averages obtained by 24-hour intra-arterial monitor- 


ing in a group of 22 normotensive subjects, in a group of 26 mild hypertensives and in a group of 41 subjects with severe 
hypertension. Data are shown as means + SE. (Adapted with permission from Hypertension.*) 


6D THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 70 OCTOBER 29, 1992 


. SG a ee 


that the goal of blood pressure reduction should 
include not only day-time but also night-time 
values. It is also reasonable to suggest that the 
blood pressure reduction induced by antihyperten- 
sive treatment should be associated with a propor- 
tional reduction in blood pressure variability. This 
cannot be easily studied by automatic blood pres- 
sure monitoring, which provides a minute fraction 
of the overall 24-hour blood pressure values and 
thus misses most of the blood pressure variations.”° 
It can be studied, however, by beat-to-beat intra- 
arterial monitoring. This was done in 51 patients in 
whom 24-hour intra-arterial blood pressure moni- 
toring was performed before and after several 
weeks of antihypertensive treatment. It was shown 
that treatment reduced 24-hour blood pressure 
mean and within—half-hour standard deviation val- 
ues (a variability mainly representative of short- 
lasting blood pressure changes). However, the 
among-half-hour blood pressure standard devia- 
tion (a more long-lasting variability reflecting the 





TABLE IV Changes in Blood Pressure Variability with 
Treatment in 51 Hypertensive Patients 


24-Hour MAP 24-Hour MAP SD* 


BT DT BT DT 


113.0 + 2.3t 95.2% 2:9 11.1+0.4 11.4+0.5 


Data are means + SE. 
* = among—half-hour standard deviation; BT = before treatment; DT = during 


treatment. 
tp <0.01. 


differences among-—half-hour mean values) was 
unaffected (Table IV), indicating a less-than- 
optimal effect. Whether this is related to the 
less-than-expected benefits of antihypertensive 
treatment remains to be seen. 

Finally, 4 further considerations are needed. 
One, available measuring devices have a limited 
accuracy when used in ambulatory conditions. This 
is the case also for most recent devices (Figure 
3),!°2! which means that technical progress toward 
greater accuracy is important. Two, technical 
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FIGURE 3. Hourly discrepancies between systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial 
pressure (MAP), and heart rate (HR) obtained by Spacelabs devices and Intra-arterially during a 24-hour period In 9 sub- 
jects. Data are shown for Individual subjects (thin lines) and for the group as a whole (thick line). Dashed line refers to 
reference intra-arterial values. (Adapted from Hypertension.) 
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progress should also be directed toward the avail- 
ability of noninvasive devices capable of measuring 
beat-to-beat blood pressure values in order to 
estimate blood pressure variability.” Three, ambu- 
latory blood pressure normalcy should be defined 
by studies comparing clinic and ambulatory blood 
pressures in large randomly selected samples of a 
population. This is under way in Monza (the 
Pamela Study)? and in other European towns, 
which means that this particular problem may soon 
be resolved. 

The final consideration concerns the prognostic 
value of ambulatory blood pressure. It is a wide- 
spread opinion that a prognostic study based on 
cardiovascular morbidity and mortality will have to 
be too large and prolonged to be feasible and that a 
surrogate endpoint will have to be chosen instead. 
This has been done in an Italian multicenter study, 
which aims at determining whether the regression 
of left ventricular hypertrophy induced by antihy- 
pertensive treatment with an angiotensin-convert- 
ing enzyme (ACE) inhibitor and a diuretic is more 
closely predicted by the fall in ambulatory blood 
pressure than by the fall in clinic blood pressure. 
This will test the clinical relevance of ambulatory 
blood pressure on a hypertension-dependent alter- 
ation of undisputed prognostic value.*4° 
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After the Diagnosis of Systemic Hypertension, Is 
Risk Factor Management Important? 


Peter Sleight, MD 


In the hypertensive patient, the presence of 
other cardiovascular risk factors, particularly 
smoking, hypercholesterolemia, obesity, and dia- 
betes, greatly influences the prognosis. In many 
patients, these other risk factors are linked, per- 
haps by adverse effects of pressure on endothe- 
lial function. The newer antihypertensive agents 
may have better effects on prognosis by amelio- 
rating these other risk factors, as well as lower- 
ing pressure. We await trials to see if this prom- 
ise is fulfilled. 

(Am J Cardiol 1992;70:9D—13D) 
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tension, it is of particular importance that risk 

factors in addition to the absolute blood pres- 
sure (BP) levels in an individual patient be consid- 
ered. This article will begin by consideration of this 
point, then briefly review the evidence in favor of 
intervention, and finally will review the impact of 
drug therapy on these risk factors. 


I: the setting of a diagnosis of systemic hyper- 


RISK FACTOR ASSESSMENT 

Population statistics show quite clearly the addi- 
tive adverse effects of systemic hypertension, di- 
etary cholesterol, and smoking—the major risk 
factors for cardiovascular disease in Western urban- 
ized societies (Figure 1).! As a result, hypertension 
alone is just one factor to be considered in the 
assessment of cardiovascular risk. Rather, current 
medical practice increasingly takes a holistic ap- 
proach to a given patient and therefore tries to 
modify other risk factors at the same time as 
lowering BP. 

The epidemiologic data also show a curvilinear 
relation between BP and cardiovascular risk, with a 
steeply increasing risk for systolic pressures > 160 
mm Hg. However, as MacMahon and colleagues? 
have clearly shown, the relation is linear when a 
doubling scale is used for risk (Figure 2). Note that 
there is no evidence for increased risk at very low 
pressures, i.e., there is no evidence of the so-called 
“J curve” when populations are considered. This is 
important in the difficult decision as to what level 
of BP warrants treatment. Too often, rules are set 
that are overly simplistic and that seek to define a 
level of BP that divides ‘‘normal’’ from 
“hypertension.” 

This approach is outdated. Consideration of 
Figure 2 clearly shows that the proportional de- 
crease in risk is the same, whether the hypertensive 
patient in question moves from quintile 5 to 4 (Q5 
to Q4) or from Q2 to Q1. Although this is true for 
proportional benefit, the absolute benefit is equally 
clearly greater for a one quintile decrease at the 
top of the line, provided that all other risk factors 
(apart from BP) are equal. But if the hypothetical 
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FIGURE 1. Age standardized coronary heart disease (CHD) 
mortality (6-year rate/1,000) by cholesterol quintile, by 
smoking status (ns = nonsmoking, s = smoking), by dias- 
tolic blood pressure (dbp) (< and >90 mm Hg) (recalculat- 
ed from the Multiple Risk Factor Intervention Trial). The 
greater the number of risk factors, the higher is the mor- 
tality. (Reprinted with permission Eur Heart J.*) 


patient who moves from Q5 to Q4 is at low 
additional cardiovascular risk, the benefit may be 
equal to, or even less than, that of a high risk 
patient (e.g., smoking, cholesterol) who moves 
from Q2 to Ql—a level (Q2) that we would not 
normally treat. This argues that we should consider 
the effects of lowering BP in high risk subjects with 
so-called “normal” BP. 

Such an approach needs testing in trials, since 
the proponents of the J curve argue that this 
approach will be dangerous, particularly in pa- 
tients with signs of cardiac ischemia.** The argu- 
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ment is that if a coronary stenosis is present, then 
lowering diastolic BP too much will compromise 
myocardial blood flow. This sounds plausible but 
seems likely to prove false. Similar arguments were 
formerly presented for withholding treatment from 
hypertensive patients with stroke. Yet when this 
was tested in a trial,’ the actively treated patients 
did better than those on placebo. Similarly, data 
from the Beta-Blocker Pooling Project showed 
benefit for the active (versus control) treatment of 
patients with previous myocardial infarction (i.e., 
patients with a high likelihood of coronary steno- 
ses) at diastolic pressures well below those at the 
inflection point of published J curves.® 

This strategy of antihypertensive treatment de- 
pends implicitly on the MacMahon et al? analysis, 
which suggests that our definition of “normal” BP 
needs revision downward. I believe that most 
urban BPs are biologically abnormal (in exact 
parallel with “normal” cholesterol). In practice, 
there may be less benefit in treating persons with 
lower pressures, since the other risk factors are not 
present in isolation but are linked with systemic 
blood pressure levels in the same individual, as 
pointed out by Ferrannini et al’ and Reaven.’ For 
example, even smoking has been shown to be 
linked to insulin resistance and adverse lipid 
changes, which may partly explain the mechanisms 
underlying the risk from tobacco.’ 
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FIGURE 2. Relative risks of stroke and coronary heart disease (CHD). Estimates of the usual diastolic blood pressure 
(DBP) category are taken from the mean DBP values 4 years postbaseline in the Framingham study. Solid squares repre- 
sent disease risk in each category, relative to risk In the whole population: sizes of squares are proportional to the num- 
ber of events In each DBP category, and 95% confidence limits are indicated by vertical lines. (Reprinted with permis- 


sion from Lancet.’) 
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SMOKING: EVIDENCE FOR INTERVENTION 

Of all antihypertensive strategies, cessation of 
cigarette smoking has total support. The gains are 
particularly great in those with established coro- 
nary artery disease. For example, after a myocar- 
dial infarction, smoking cessation halves the risk 
for future cardiovascular events,!” and statistically 
the benefit is seen quite quickly—within 1-2 years. 
This suggests that the mechanism of benefit is 
more related to thrombotic factors (e.g., decreased 
platelet adhesiveness and/or circulating fibrino- 
gen) than to effects on the atheromatous plaque. 


REVERSING LIPID ABNORMALITIES 

Although the relation between serum choles- 
terol and cardiovascular mortality is now estab- 
lished beyond any doubt,!' the wisdom of interven- 
ing to lower cholesterol is increasingly questioned, 
except in those individuals with the highest levels. 
The reasons for this growing scepticism are proba- 
bly several. One influential argument states that 
although cardiovascular mortality is lowered by 
interventions, whether dietary, behavioral, and/or 
pharmacologic, there has been no significant effect 
on total mortality. This statement is true, but omits 
the important proviso that the trials to date have 
been completely lacking in the statistical power 
required to address the question. Approximately 
25,000 people have been randomized in these 
trials. Many were at relatively low risk, and in 
addition the degree of reduction in circulating 
cholesterol was also small. The reduction in total 
mortality that might have been expected from 
these trials has been calculated to be only 6% 
(Peto, R: Personal communication), because the 
majority of the small number of deaths were due to 
noncardiac causes, such as accident or trauma. The 
actual decline in mortality observed in these trials 
was a nonsignificant 3%, not significantly different 
from the 6% expected. Much has also been made 
of the just significant (p = 0.05) increase in noncar- 
diac mortality from causes such as suicide, trauma, 
violence, and murder. These outcomes, for which it 
seems difficult to find any real connection, are not 
individually in any statistical excess. An hypothesis 
has been suggested by Engleberg!'! to the effect 
that lowered cell membrane cholesterol leads to 
reduction in serotonin (5-HT) receptor density, 
which is associated with decreased levels of brain 
serotonin, with the subsequent adverse effects on 
behavior. Publication of this hypothesis was fol- 
lowed by several letters pointing out the inherent 


improbability of, and lack of supporting evidence 
for, this theory.!*! 

Finally, some trials, such as the recently pub- 
lished Finnish study,'* have reported strikingly 
adverse results, showing significant increases in 
both total and cardiovascular deaths following 
treatment to lower cholesterol. It should be noted 
that this latter trial was carried out on healthy 
middle-aged men with few cardiovascular risk fac- 
tors; the numbers of deaths were consequently 
small and the risk of a chance negative result 
correspondingly large. 

Opposed to these apparent arguments against 
an anticholesterolemic therapeutic approach must 
be set the overall benefit on cardiovascular mortal- 
ity (more than 5 standard deviations difference. 
Peto, R: Personal communication). Consequently, 
it appears that the evidence in favor of intervening 
to lower lipids must be taken as compelling, partic- 
ularly in the setting of hypertension; it is also very 
much more certain than the barely significant 
adverse evidence. 


NEWER RISK FACTORS: INSULIN RESISTANCE, 
ENDOTHELIAL DYSFUNCTION, SMOOTH 
MUSCLE GROWTH FACTORS, ANGIOTENSIN 

The importance of endothelial dysfunction has 
been highlighted in recent studies.'>!° This impor- 
tant “endocrine organ” not only produces endothe- 
lium-derived relaxing factor (EDRF, thought to be 
nitrous oxide, NO) but also has many metabolic 
functions, including lipid regulation. Hypertension 
itself is associated with deficient production of 
EDRF in humans. This abnormality is exacerbated 
by sodium and mitigated by potassium in isolated 
vascular segments." 

Elsewhere in this supplement Alderman reports 
the recent evidence implicating abnormal regula- 
tion of the renin—angiotensin system as a risk 
factor. 


EFFECTS OF BLOOD PRESSURE REDUCTION 
ON CARDIOVASCULAR RISK 

Almost all of the antihypertensive trials have 
reported a large, approximately 40%, reduction in 
stroke.'® This is very close to what might have been 
expected from the epidemiologic data on very 
long-term differences in BP.? It is, therefore, sur- 
prising that this can be achieved in just 2-3 years of 
treatment, on average. 

On the other hand, the reduction in coronary 
artery disease (CAD) as a result of lowering BP has 
generally been thought to be disappointing. How- 
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ever, an update of the 1990 Lancet publication by 
Collins et al!8 that takes into account the results of 
the trials that have been published since the Lancet 
article (i.e., Systolic Hypertension in Elderly Pa- 
tients [SHEP!’], Swedish Trial in Old Patients, 
with hypertension [STOP],”° and the Medical Re- 
search Council trial of treatment of hypertension 
in older adults?!) shows a highly significant 16% 
reduction in CAD, which is only a little short of the 
23% reduction expected from the epidemiologic 
data (Collins, R: Personal communication, 1992). 

Note also that in the epidemiologic relation 
between hypertension and risk in the normal popu- 
lation, there are 5 times as many coronary as 
cerebral events (Figures 1 and 2), whereas in the 
published antihypertensive trials, coronary events 
still outnumber cerebrovascular accidents, but by 
only 2:1.!8 Most of these events take place at 
relatively normal BP levels. Therefore, any strategy 
to lower this toll must consider reducing systemic 
blood préssure to lower than conventionally ac- 
cepted levels in patients at high risk, once we are 
assured (by the newer trials) that this is free from 
risk and unacceptable side effects. 


IMPACT OF RISK REDUCTION ON CHOICE OF 
ANTIHYPERTENSIVE THERAPY 

The recent trials of antihypertensive treatment 
in elderly patients, such as the Medical Research 
Council and SHEP trials, have reinforced the 
message from the European Working Party on 
Hypertension in the Elderly (EWPHE) trial***° 
that thiazide diuretics appear to be the most 
effective agents so far subjected to large-scale 
testing. However, we should bear in mind that 
relatively short-term trials, particularly in the eld- 
erly (where adverse effects on serum lipids might 
be of less importance) may not be so applicable to 
the long-term effects, over quite possibly many 
decades of treatment, in younger hypertensive 
patients. In younger patients the adverse lipid and 
metabolic effects of thiazide diuretics have led to a 
gradual decrease in the use of these drugs. 

The newer agents, particularly the calcium antag- 
onists and angiotensin-converting enzyme (ACE) 
inhibitors, have been shown to have more favor- 
able effects on such well-validated risk factors as 
serum lipids, left ventricular hypertrophy, and 
insulin resistance. Quite rightly, the marketing of 
these newer agents has been based on the mes- 
sages derived from these surrogate measures. 

However, my experience of clinical trials has 
taught me that surrogate endpoints, like journalis- 
tic opinion polls, are not always reliable guides to 
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true outcome. In my opinion, there is really no 
alternative to large-scale, long-term trials testing 
these newer antihypertensive agents against the 
older, well-established, and, importantly, cheaper 
agents, such as the thiazide diuretics. Until this is 
done, there will continue to be a great deal of 
confusion among clinicians, who are struggling to 
reconcile the often seductive marketing of these 
agents with the hard evidence from the recent 
trials showing benefit from thiazide treatment.” 
Until we have equal evidence for the newer agents, 
there may well be a renaissance in the use of 
thiazide-based therapy. Fortunately, such trials are 
being planned. 

Physicians treating hypertensive patients are 
increasingly aware of the need to treat other risk 
factors when the BP is raised. The next decade may 
see the treatment of so-called normal BP when 
other risk factors are present. 
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Can the Genetic Factors Influence the 
Treatment of Systemic Hypertension? The Case 
of the Renin—Angiotensin—Aldosterone System 


Pierre Corvol, mD, Xavier Jeunemaitre, mp, Anne Charru, MD, and Florent Soubrier, MD, PhD 


The hereditary nature of familial hypertension 
has been clearly established by a number of clini- 
cal studies. About 30% of the blood pressure vari- 
ance can be attributed to genetic factors. As a 
consequence, the relative risk for developing cor- 
onary artery disease or cardiovascular death is 
increased in patients with a family history of hy- 
pertension and cardiovascular disease. Patients 
with such familial history should be considered at 
the same risk as those who have independent 
epidemiologic risk factors. The development of 
molecular genetics allows establishment of a link 
between high blood pressure, intermediate phe- 
notypes, and the genes involved in blood pres- 
sure regulation. Gene markers should be avail- 
able in the near future that will help to identify 
patients predisposed to hypertension. The genes 
of the renin—angiotensin—aldosterone system 
are good examples of candidate genes whose 
products are known to participate in blood pres- 
sure regulation. The possible involvement of 
these genes in essential hypertension is critically 
analyzed. 

(Am J Cardiol 1992;70:14D—20D) 
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ver since blood pressure could first be 
Hiss measured, many studies have been 

carried out on the population distribution 
and hereditary nature of hypertension. Blood pres- 
sure is a quantitative trait that varies continuously 
throughout the whole population and whose regu- 
lation is controlled by a variety of mechanisms that 
involve several genetic loci and environmental 
factors. However, little is known about the genes 
actually involved in human hypertension, about 
their respective importance in determining blood 
pressure level, or about their interaction with other 
genes and environmental components. Can these 
genetic factors influence management of the hyper- 
tensive patient? The answer to this question re- 
quires consideration of the respective contribu- 
tions of genetic and environmental factors to blood 
pressure variance, the relative risk of developing 
hypertension, cardiovascular disease (CVD), or 
death in patients with family history of hyperten- 
sion and/or CVD, and, finally, consideration of the 
several genes of the renin—angiotensin—aldoste- 
rone cascade, a major system involved in blood 
pressure regulation. 


MECHANISMS OF BLOOD PRESSURE 
VARIANCE 

A number of epidemiologic studies have shown 
that individual blood pressure levels result from 
both genetic predisposition and environmental fac- 
tors. The heritable component of blood pressure 
has been documented in familial and in twin 
studies and in studies such as those performed in 
Montreal, where blood pressure levels were docu- 
mented in families with natural and adopted chil- 
dren.! As shown in Table I, the evidence suggests 
that approximately 30% of the variance of blood 
pressure is attributable to genetic heritability and 
50% to environmental influences. 

The familial component of high blood pressure 
can also be estimated by self-questionnaire from 
hypertensive patients. Although recognized as hav- 
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ing limited value,” this approach allows screening 
of hypertensive patients with a putative family 
history of hypertension. Review of the Artemis 
data bank from the Hypertension Clinic of Hôpital 
Broussais showed that 13% of hypertensive pa- 
tients reported at least 1 parent and 1 sibling with 
hypertension.* Interestingly, the family history of 
hypertension was associated with a marked in- 
crease in the incidence of cardiovascular deaths in 
both parents before the age of 65 years, and also by 
an increase in the prevalence of cardiovascular 
accidents in both parents, again before the age of 
65 years. High blood pressure was detected at a 
younger age in patients with a family history of 
hypertension than in patients without an apparent 
genetic component. 

A positive family history of hypertension has a 
practical clinical application for identifying per- 
sons at high risk for hypertension. As reported by 
Williams et al* in a Utah epidemiologic study, 
normotensive persons aged 20—49 years, > 2 hyper- 
tensive first degree relatives and followed for 7 
years had 4 times more risk for developing high 
blood pressure than persons without a family 
history of hypertension. In older adults, relative 
risk for high blood pressure depends less on a 
positive family history of hypertension, likely be- 
cause of the more prominent role of environmental 
factors at this age. Therefore, the finding of a 
strong positive family history of hypertension, espe- 
cially in a young hypertensive patient, should 
encourage physicians to search for high blood 
pressure in first degree relatives and to advocate 
strongly risk factor treatment. 


RELATIVE RISK FOR DEVELOPING CORONARY 
ARTERY DISEASE OR CARDIOVASCULAR 
DEATH 

Patients with family history of hypertension 
and/or cardiovascular disease: Although there 
have been a number of reports demonstrating 
familial clustering of individuals with coronary 
artery disease (CAD) and heart disease risk fac- 
tors, there have been relatively few prospective 
studies relating the independent predictive strength 
of a positive family history of hypertension/CVD 
and the incidence of new cases of CVD. One of the 
earliest studies was performed by Cambien et al,° 
who studied the relation between a familial history 
of hypertension and CVD versus the incidence of 
CVD. A cohort of 7,484 professional men, 43-54 
years old, was followed for 6.5 years. The incidence 
of CVD was studied among those free of CVD at 


TABLE I Mechanisms Implicated in Blood Pressure Variance 


Genetic heritability 
Allelic effect on a single gene 
Gene-gene interactions 
Gene-environment interactions 
Environmental influences 
Cultural heritability 
Residual variance 





entry, in relation to a parental history of CVD and 
high blood pressure, obtained by self-question- 
naire. The relative risk of developing CVD was 1.5 
and 2.0 in presence of a paternal history of CVD or 
high blood pressure (after exclusion of the patients 
with hypertension), respectively. The presence of a 
paternal history of both CVD and hypertension 
increased the relative risk to 3.0. Maternal history 
of CVD or hypertension was not associated with a 
higher risk. 

Other studies have shown that a family history 
of CVD was an independent predictor of cardiovas- 
cular mortality and morbidity. Barrett-Connor and 
Khaw® showed in a 9-year follow-up of a commu- 
nity of 4,014 men and women, 40-79 years old, that 
in men, but not in women, a positive family history 
of heart attack was independently predictive of 
death from cardiovascular and ischemic heart dis- 
ease. In this study, men <60 years old had a 5-fold 
excess risk of cardiovascular death that was inde- 
pendent of all other risk factors. 

Although most studies have concluded that 
family history is a risk factor for CVD, independent 
of other factors, it must be recognized that none 
can be considered conclusive. Indeed, a number of 
objections can be addressed to these reports, such 
as the weakness of self-reported data for CVD 
family history, inadequate in sample sizes, and 
unmeasured parameters that today are considered 
recognized risk factors (such as the cholesterol 
fractions in the Framingham study). Taking into 
consideration these limitations, it is interesting to 
note that in all studies but one,’ parental history 
appeared to be an independent risk factor for 
CAD, in spite of underreporting of parental CAD 
death. In the Framingham study, there was a 
possible genetic factor in CAD death, which seemed 
more frequent in persons who are otherwise at low 
risk for CAD.’ Similarly, Jorde and Williams? 
concluded from their study in a Utah cohort that 
the differences in family history of CAD could not 
be explained by measured risk variables and that 
family history was itself a risk factor for incidence 
of CAD. The other factors involved for determin- 
ing familial CAD might be of genetic or of environ- 
mental origin.* 
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These results further reinforce the need for 
exploring and treating rigorously risk factors in 
patients with a family history of death from CAD 
or CVD, since genetic factors should be considered 
as a risk factor by itself, like the other independent 
epidemiologic risk factors. In fact, a useful out- 
come of the knowledge of a family history of 
hypertension or CAD is to motivate the patients to 
follow their treatment for high blood pressure or 
risk factors more energetically. 


THE RENIN—ANGIOTENSIN—ALDOSTERONE 
SYSTEM 

Will gene markers help to identify patients 
predisposed to hypertension? There are no data 
on the number of genetic loci involved in the 
regulation of blood pressure, the frequency of 
deleterious alleles, the mode of transmission, or 
the quantitative effects of any single allele on blood 
pressure. The unimodal distribution of blood pres- 
sure within each age group and in each sex strongly 
suggests—but does not definitively prove—that 
several loci are involved. Because of the likely 
etiologic heterogeneity of the disease, it is difficult 
to expect that a single biochemical or DNA genetic 
marker will help the clinician in the management 
of most hypertensive patients. However, genetic 
markers are useful indicators for elucidating the 
various genetic loci linked to high blood pressure. 
The genetic approach can disregard a gene as 
being frequently and importantly implicated in the 
level of blood pressure or in hypertension. On the 
other hand, the discovery of a positive linkage 
between a given locus and high blood pressure will 
promote new studies for improving or finding new 
intermediate phenotypes of the locus. Molecular 
genetics can even unravel an underestimated or 
totally unexpected mechanism of blood pressure 
control. 

Several biochemical markers linked to high 
blood pressure have been identified in the past. 
Such markers can be used to get close to a locus 
implicated directly or indirectly in blood pressure 
regulation. The most extensively studied pheno- 
type marker is the Na*—Li* countertransport, which 
is genetically inherited and under the control of a 
dominant gene but which has a small effect on 
blood pressure.!? Another common phenotypic 
marker is the histocompatibility complex antigen 
(HLA) system, which was shown in 1 study to 
cosegregate in families affected with high blood 
pressure.!! High levels of urinary kallikrein excre- 
tion are under the control of a dominant gene and 
seem to be associated with a decreased risk of 
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essential hypertension!?: both adults and children 
with high urinary kallikrein excretion have less 
than half the rate of parental hypertension as 
individuals who had a low kallikrein genotype. At 
the present time, these phenotypic markers cannot 
be used to predict the risk for hypertension in a 
given subject. However, they are helpful indicators 
of the genetic loci that may be involved in blood 
pressure regulation. 


DNA MARKERS: THE CASE OF THE 
RENIN—ANGIOTENSIN—ALDOSTERONE SYSTEM 
Glucocorticoid remediable aldosteronism: 
AN EXAMPLE OF AN AUTOSOMAL DOMINANT DIS- 
EASE DUE TO A MUTATION OF A GENE OF THE 
RENIN—-ALDOSTERONE SYSTEM: The mitochondrial 
enzymes belonging to the cytochrome P450 family 
are involved in adrenal steroid synthesis. They are 
not usually classified as enzymes of the renin- 
angiotensin system, but aldosterone synthase is a 
key enzyme in the renin—angiotensin—aldosterone 
cascade, since it converts corticosterone into aldo- 
sterone. A particular form of hypertension due toa 
mutation of this enzyme has been recently identi- 
fied. Glucocorticoid remediable aldosteronism, also 
called dexamethasone-suppressible aldosteronism, 
is rare autosomal dominant disease characterized 
by hypertension, a slight hypokalemia, a sup- 
pressed plasma renin activity, and a variable de- 
gree of aldosteronism. There is an abnormal uri- 
nary excretion of cortisol metabolites, 18- 
oxocortisol, and 18-hydroxycortisol. All these 
abnormalities, including hypertension, can be cor- 
rected by suppression of adrenocorticotropic hor- 
mone (ACTH) by dexamethasone. It had been 
proposed that the disease was due to an abnormal 
expression in the zona fasciculata of aldosterone 
synthase. Recently, Lifton et al’? showed that this 
disorder was indeed due to an abnormal aldoste- 
rone synthase gene product present in the fascicu- 
lata zone of the adrenal gland. They studied a large 
kindred affected with this disease and found a gene 
duplication arising from unequal crossing over, 
resulting in a fusion of 11B-hydroxylase promotor 
with the coding sequence of aldosterone synthase. 
The chimeric gene encodes a protein that can 
hydroxylate cortisol (the steroid substrate present 
in the zona fasciculata) in the 18 position and that 
is under the control of 118-hydroxylase, whose 
expression can be down-regulated by exogenous 
glucocorticoid administration. All the phenotypic 
abnormalities of glucocorticoid remediable aldoste- 
ronism can be explained by this mutation, which is 
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the first known to be responsible for a monogenic 
disease of the renin—aldosterone system. 

Essential hypertension: In the case of essen- 
tial hypertension, it is unlikely that such a specific 
mutation can be demonstrated to be responsible 
for this disease from the arguments developed 
above. However, even though the genetic loci 
controlling blood pressure are unknown, a first and 
logical approach is to study genes that may contrib- 
ute to the variance of blood pressure. The genes of 
the renin—angiotensin system are a good example 
of such an approach, since this system is well 
known to be involved in the control of blood 
pressure. The human renin gene is important 
because the renin—angiotensinogen reaction is the 
first, and rate-limiting, step leading to angiotensin 
II production. About 30% of subjects with essential 
hypertension have higher renin levels than do 
normotensive subjects of the same age when exam- 
ined under the same metabolic conditions.'* The 
amount of angiotensin I generated by renin de- 
pends not only on renin, but also on angiotensino- 
gen, since the plasma angiotensinogen concentra- 
tion is also rate limiting. It has been reported that 
angiotensinogen concentrations differ between nor- 
motensive and hypertensive subjects.!> 

Finally, a subset of patients with essential hyper- 
tension have an abnormal response to angiotensin 
II. Angiotensin II infusion reveals that these sub- 
jects (nonmodulators) have a blunted response of 
aldosterone secretion or renal plasma flow, respec- 
tively,'*'? when compared with normotensive and 
other hypertensive patients (modulators). This de- 
fect seems to be genetically inherited, appears to 
cosegregate with hypertension, and may be due to 
a genetic defect in the angiotensin II receptor or in 
the postreceptor signaling pathway. These pheno- 
types are of interest for the classification of hyper- 
tensive patients but may be secondary to high 
blood pressure rather than causally implicated in 
the disease. Genetic studies can solve this problem 
by establishing whether polymorphism of the genes 
is associated with, or linked to, high blood pressure 
(Figure 1). 

The renin gene: The renin gene is likely to be 
one of the genes related to blood pressure in a rat 
model of genetic hypertension, the Dahl salt- 
sensitive hypertensive rat. Polymorphism of the 
renin gene has been identified by Rapp et al” in 
both inbred salt-sensitive (S) and salt-resistant (R) 
hypertensive rats. These investigators searched for 
a cosegregation of renin alleles with blood pressure 
in rats obtained from crosses of S and R. Inbred S 
and inbred R strains were crossed to produce F1 





rats, then a F1 x F1 cross was made to obtain a F2 
generation. Blood pressure was measured in the F2 
generation under a high salt diet, and the renin 
genotypes were determined. Blood pressure dif- 
fered markedly among the renin genotypes in the 
F2 population. The rats with 2 renin homozygous 
genotypes (Ren®® and Ren‘S) exhibited a mean 20 
mm Hg blood pressure increase, and 1 S renin 
allele was associated with an approximate increase 
of 10 mm Hg in blood pressure. From this experi- 
ment, it was concluded that there was a clear 
cosegregation of the renin gene with elevated 
blood pressure and that this was likely to be one 
the few genes causally related to hypertension in 
Dahl salt-sensitive rats. 

These results, although restricted to this partic- 
ular strain of genetic hypertensive rat, prompted us 
to perform a prospective study in human subjects 
in which we compared the frequency of renin gene 
polymorphisms in normotensive and hypertensive 
white human subjects, with similar age, sex distribu- 
tion, and body mass index.”! The familial suscepti- 
bility was defined as at least 1 parent and 1 sibling 
who were hypertensive before age 65 years, whereas 
the normotensive group had no familial history of 
hypertension. Renin gene polymorphisms located 
throughout the renin gene were identified using 3 
restriction enzymes. There was no difference in 
allele or in haplotype frequencies between the 
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e Na*/Li* countertransport (10) 
e HLA system (11) 
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e Angiotensin Converting Enzyme (26, 29, 30) 
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e Glucocorticoid Remediable Aldosteronism (GRA) (13) 
e Renin in Dahl rats (20) 
e Chromosome 10 locus in SHRSP (31, 32) 


FIGURE 1. Relation between genotype, intermediate phe- 
notype, and blood pressure level (distal phenotype). In rat 
or human essential hypertension, there has been no re- 
port of a direct chain between a gene variant, its effect on 
an intermediate phenotype, and its ultimate link with 
blood pressure level or hypertension. However, there have 
been discrete interactions along this chain of events, 
some of which are indicated in this figure. Numbers in pa- 
rentheses refer to the literature quoted in the text. 
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hypertensive and the normotensive groups. No 
association was found between renin gene polymor- 
phisms and essential hypertension. 

This study, as well as the negative results from 
another population study” and from a report on a 
large Utah pedigree with high prevalence of hyper- 
tension,” cannot definitively eliminate the implica- 
tion of the renin gene in human hypertension, 
because of (1) the relatively low specificity of the 
renin markers used and (2) the lack of statistical 
power when reasonably sized population studies 
are performed. More statistical power can be 
achieved when linkage studies are performed in 
families or in sib pairs. Therefore, another study 
was conducted to test the hypothesis of a linkage 
between the renin gene polymorphism and hyper- 
tension, using the affected sib-pair method.” Sib- 
pair analysis is an interesting alternative to large 
multigenerational pedigree studies for testing a 
linkage in a complex multifactorial disease. It has 
the advantage of not assuming any specific mode of 
inheritance and looking only for a distortion of 
segregation between a genetic marker and the 
disease. The renin genotype of the affected sib 
pairs was determined, and the allelic concordance 
between the sib pairs compared with the allelic 
frequency of the unrelated hypertensive popula- 
tion described above.7! This study did not show any 
excess of renin allele shared among the hyperten- 
sive sib pairs and therefore suggests again that the 
renin gene does not have a frequent or important 
role in the pathogenesis of human essential hyper- 
tension. However, it is not possible to exclude a 
minor role of this gene in blood pressure levels in a 
large population of patients, or a major gene effect 
in rare families. 

The ACE gene: Angiotensin-I converting en- 
zyme (ACE) is a zinc metallopeptidase whose main 
function is to convert angiotensin I into angioten- 
sin II and to inactivate bradykinin. It has been 
assumed that this step of the renin—angiotensin 
system is not limiting, and indeed there is no 
indication that plasma ACE levels are related to 
blood pressure levels. Plasma ACE levels are 
remarkably stable when measured repeatedly in a 
normal subject but vary considerably (1-—5-fold) 
between patients. ACE variance cannot be ex- 
plained by several hormonal and environmental 
factors and, therefore, is assumed to be under 
genetic control. This was shown by a study of 
plasma ACE levels conducted in normal nuclear 
families, which demonstrated the presence of a 
familial aggregation of ACE values and suggested a 


major gene effect, responsible for about 40% of 
total ACE variance.” 

Cloning of human ACE cDNA”! and of the 
ACE gene? allowed us to identify an insertion/ 
deletion polymorphism at the ACE gene locus.” 
This polymorphism consists of the presence or 
absence of a 250 base pair (bp) DNA fragment 
located within intron 16 of the ACE gene. Homozy- 
gous patients are classified as either II (I for 
insertion), or DD (D for deletion), a heterozygous 
patient being I/D.” A recent study in normoten- 
sive nuclear families combining cosegregation and 
linkage analysis showed that the variant I/D was 
not due to the insertion itself but was located 
within the ACE gene and therefore that the ACE 
gene controls plasma ACE levels.*° 

ACE serum concentration is directly related to 
ACE genotype, as defined by the I/D polymor- 
phism. In a study of 80 healthy subjects, mean 
serum ACE levels were 299, 392, and 494 «g/liter 
for II, I/D, and DD patients, respectively. In this 
study, the I/D polymorphism accounted for 47% of 
the total phenotype variance of serum ACE. The 
observation of a genetic polymorphism explains 
much of the interindividual variability of circulat- 
ing ACE and has a direct clinical application. By 
simultaneously determining ACE genotype and 
plasma ACE levels, it is then possible to compare 
the ACE level of a given subject with the reference 
interval of normal patients carrying the same 
genotype. This has clinical implications in diseases 
such as sarcoidosis, where plasma ACE is a good 
indicator of the activity of the disease and of the 
effectiveness of the treatment. 

The observation that plasma ACE levels are 
under direct control of variants of the ACE gene 
renders attractive the hypothesis of considering 
ACE as a possible candidate gene for high blood 
pressure, even though no relation was found be- 
tween plasma ACE levels, ACE genotype, and 
blood pressure in our study on 98 nuclear fami- 
lies. The blood pressure response to ACE inhibi- 
tors may also vary according to the I/D polymor- 
phism of the gene, but this hypothesis has not yet 
been tested. Two recent studies performed in 
genetically hypertensive rats made this hypothesis 
even more attractive.*!~? A F2 population from 
stroke-prone spontaneously hypertensive rats and 
normotensive Wistar Kyoto crosses was studied by 
2 laboratories, using a set of markers evenly spaced 
throughout the rat genome. Contrary to the previ- 
ously described strategy of the “candidate gene” 
approach, this strategy does not make any hypothe- 
sis as to a candidate gene but utilizes a collection of 
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polymorphic DNA markers and looks for their 
inheritance in a cross between 2 inbred parental 
strains. Both groups of investigators found a signif- 
icant linkage between NaCl-loaded hypertension 
and a gene locus on chromosome 10. This locus 
contributed as much as 20% of blood pressure 
variance. Comparison of the human and rat chro- 
mosomal maps showed that the segment of rat 
chromosome 10 is conserved as a linkage group in 
human chromosome 17q, where ACE had been 
previously located. Rat ACE was found to be 
located on rat chromosome 10 without recombina- 
tion with the growth hormone locus previously 
identified as linked to blood pressure values. The 
ACE locus was, therefore, significantly linked to 
blood pressure measurements and was a candidate 
gene for genetic hypertension. 

The finding that ACE was one of the numerous 
genes linked to blood pressure variance in rat 
genetic hypertension prompted studies to detect 
possible linkage or association of this locus in 
human hypertension. In a recent study by Jeune- 
maitre et al*4 performed in hypertensive sib pairs 
from Utah with the use of a highly polymorphic 
marker, there was no evidence of any linkage 
between blood pressure levels and the ACE locus. 
Another study was performed by Harrap et al,” 
who investigated the distribution of the I/D ACE 
gene polymorphism described above in young adults 
with contrasting genetic predisposition to high 
blood pressure. Young adults with high blood 
pressure and 2 parents with high blood pressure 
did not show any significant difference in the I/D 
allele frequencies of the ACE gene when com- 
pared with adults of the same age but with low 
blood pressure and no genetic predisposition to 
high blood pressure. Taken together, these results 
suggest that the ACE gene does not play a major 
role on blood pressure variance in these popula- 
tions. However, it must be remembered that hyper- 
tensive patients were not challenged by a high salt 
regimen, whereas the blood pressure variance 
attributable to chromosome 10 locus in the rat was 
markedly influenced by dietary salt status. A more 
likely hypothesis is that other, yet unidentified, 
gene(s) on rat chromosome 10 (or putatively on 
chromosome 17q in humans) could be involved in 
high blood pressure levels. A more precise location 
of the predisposing gene in stroke-prone spontane- 
ously hypertensive rats will be of great interest for 
future research in human hypertension. If the ACE 
gene is not linked to hypertension, it is interesting 
to note that the ACE I/D polymorphism seems to 
be a potent risk factor for coronary heart disease in 


patients formerly considered at low risk according 
to common criteria.*° 

The angiotensinogen gene: Plasma angiotensi- 
nogen concentration is a rate-limiting step in the 
renin—angiotensinogen reaction, at least under cer- 
tain conditions such as in patients with high levels 
of renin or low levels of angiotensinogen. Angio- 
tensinogen is expressed mainly in the liver but also 
in various tissues, where it can be locally cleaved to 
produce angiotensin I. Finally, there has been an 
indication that plasma angiotensinogen levels are 
higher in hypertensive than in normotensive sub- 
jects.'5 Therefore, angiotensinogen may be consid- 
ered as a candidate gene for high blood pressure. 
Genetic studies on this gene have been hampered 
by lack of a DNA marker, since no restriction 
fragment length polymorphism has been identified. 
Recently, Kotelevstev et al?” have described a very 
informative dinucleotide repeat sequence at the 
human angiotensinogen gene, which now allows 
performance of genetic studies in normotensive 
and hypertensive families. Recent studies of two 
large groups of hypertensive sibships showed evi- 
dence of genetic linkage between the angiotensino- 
gen gene and hypertension, and demonstrated 
association of angiotensinogen molecular variants 
with the disease. Therefore, it is likely that molecu- 
lar variants of angiotensinogen constitute inherited 
predisposition to hypertension.** 


CONCLUSION 

Both epidemiologic and genetic studies indicate 
that a strong family history of hypertension and/or 
CVD is an independent risk factor for CVD. 
Management of the hypertensive subject should 
take into consideration the genetic factors as well 
as the classic epidemiologic risk factors. Patients 
with a strong family history of hypertension and/or 
of CVD should be carefully monitored for blood 
pressure levels and cardiovascular risk factors. If 
they are borderline hypertensive, they should be 
treated, at least by nondrug intervention, especially 
if they are young adults in whom high blood 
pressure may be of genetic origin. Both biochemi- 
cal and now DNA markers are currently being 
evaluated regarding their contribution to blood 
pressure levels. At this time, it is likely that neither 
the renin nor the ACE genes contribute to a large 
extent to genetic hypertension, at least in humans. 
However, they could be still involved in a subset of 
the human population that has yet to be defined. 
Other genes of the renin—angiotensin—aldosterone 
system may play a role in genetic hypertension and 
are presently being investigated. 
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Prevention of Myocardial Infarction 


Michael H. Alderman, MD 


Despite substantial progress in cardiovascular 
disease prevention, stroke and myocardial in- 
farction remain the leading causes of death 
throughout the industrialized world. Treatment of 
high blood pressure, while contributing impor- 
tantly to this progress, remains inefficient and 
less than optimally effective, particularly in re- 
gard to coronary artery disease events. Thera- 
peutic intervention in the renin—angiotensin sys- 
tem offers promise of progress on both these 
fronts. Renin—sodium profiles have been shown 
to permit prognostic stratification of otherwise 
indistinguishable hypertensive patients. Indeed, 
low renin subjects, without other cardiovascular 
risk factors, have a particularly favorable progno- 
sis. Now, the pharmacologic ability to mute the 
pathologic effects of angiotensin Il also offers 
the genuine possibility that the cardioprotective 
value of antihypertensive therapy may be signifi- 
cantly improved. 

(Am J Cardiol 1992;70:21D—26D) 
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Ħhere have been spectacular reductions in 
T incidence of cardiovascular diseases in 

the past quarter century. In the United 
States, interventions based on the risk factor hy- 
pothesis have been largely responsible for a 57% 
decrease in the incidence stroke and a 47% decline 
in heart attack mortality.! Nevertheless, stroke and 
heart attack account for 40-50% of dll deaths in 
developed countries and remain the leading causes 
of death. 


EFFICIENCY OF ANTIHYPERTENSIVE CARE 

Current antihypertensive management strate- 
gies result in treatment of many patients who are at 
vanishingly small risk of cardiovascular disease. 
This reflects the tremendous prognostic heteroge- 
neity that characterizes patients classified prima- 
rily by level of blood pressure.” It is possible, 
however, by assessment of risk factors and identifi- 
cation of preclinical end organ disease, as defined 
in the long-term Framingham study,’ to stratify 
patients at the same level of systerttic blood pres- 
sure into subgroups with vastly different expecta- 
tions of subsequent disease events. Despite this 
capability, current antihypertensive treatment strat- 
egies largely ignore these clinical subtleties and 
generally apply interventions based on blood pres- 
sure levels alone. The result is that very many 
patients are treated, with measurable benefit being 
received by only a minority. 


EFFICACY OF ANTIHYPERTENSIVE CARE 
MacMahon et al? and Collins et al,* in an 
elegant analysis of the published observational 
studies of the natural history of hypertension and 
of the published clinical trials of antihypertensive 
therapy, have provided a means both to predict the 
potential results of treatment and to assess the 
actual benefit achieved. By combining several large 
population-based studies and correcting for inaccu- 
racies introduced by variation in blood pressure 
measures, they were able to describe a linear 
relation between the magnitude of the blood pres- 
sure elevation and the likelihood of subsequent 
cardiovascular events. Meta-analysis of 14 uncon- 
founded clinical trials also provided remarkably 
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consistent results. Specifically, in observational 
studies, a 7.5 mm Hg increase in diastolic blood 
pressure was related to a 40% increase in incidence 
of stroke and a 28% increase in heart attacks. In 
actual clinical trials, a 5-6 mm Hg decrease in 
diastolic pressure was associated with about a 40% 
decline in stroke events, but only about a 14% 
decline in heart attacks. This 50% deficit between 
the observed and expected decrease in heart 
attacks cannot readily be explained by existing 
knowledge. 

Several possible causes have been identified to 
explain the disappointing results in regard to coro- 
nary events. Diuretics have been used in all the 
clinical trials. Because they adversely affect lipid 
and glucose metabolism and electrolyte levels, it 
has been hypothesized that these alterations have 
muted the benefit of a lower blood pressure.° Beta 
blockers, which were used extensively in older 
trials, also distort lipid and glucose metabolism.° 

In addition to the effects of a particular kind of 
drug, treatment itself has been implicated as carry- 
ing the potential for harm. It has been found, in a 
series of retrospective analyses of clinical trials as 
well as through examination of cohort studies,’* 
that an increased incidence of myocardial infarc- 
tion (MI) occurs in those patients whose blood 
pressure response to therapy was greatest or whose 
diastolic pressures fell to <80 mm Hg.’* Although 
considerable controversy continues to surround 
this repeatedly demonstrated “J-shaped” phenom- 
enon, it seems prudent to moderate blood pressure 
reduction, particularly among patients with evi- 
dence of preexisting coronary artery disease. 

The great challenge to modern antihypertensive 
practice, then, is to improve both the efficacy and 
efficiency of antihypertensive care. Treatment needs 
to reach those most likely to have heart attacks and 
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FIGURE 1. Vasoconstriction—volume hypothesis and the 
renin axis. 
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strokes and to be more successful in reducing the 
heart attack rate of those who are treated. 


THE RENIN—ANGIOTENSIN SYSTEM AND 
CORONARY ARTERY DISEASE 

A fruitful avenue of inquiry, based on investiga- 
tion of human blood pressure control mechanisms, 
has shown that malfunction of the renin—angioten- 
sin system may help to explain both the clinical 
heterogeneity of hypertensive patients and the 
apparent failure of current antihypertensive treat- 
ment to realize its full potential. Over the past half 
century, the sodium-—renin—angiotensin—aldoste- 
rone axis has proved to be a powerful instrument 
for the analysis of blood pressure control.’ Analysis 
of this system has also provided a framework for 
the selection of antihypertensive therapy. This 
servocontrol feedback mechanism integrates plasma 
volume and vasoconstriction in the expression of 
systemic blood pressure. Renin stimulates the con- 
version of angiotensinogen to angiotensin II (Fig- 
ure 1), which is the most powerful vasoconstrictive 
agent known. Renin also contributes to volume 
expansion, indirectly by stimulating aldosterone 
secretion and directly by increasing renal tubular 
sodium resorption. An increasing arterial pressure 
then provides the signal to suppress renin secre- 
tion. These specific biochemical actions have pro- 
vided convenient sites to guide pharmacologic 
interventions that can lower pressure by altering 
physiology. 

More recently, however, it has become clear 
that the renin—angiotensin system, particularly 
through expression of angiotensin II, can also 
produce vascular damage. In both experimental 
animals!” and in human investigations,'! it has 
been possible to demonstrate that angiotensin II 
stimulates vascular smooth muscle mitogenesis and 
cellular hypertrophy. The net result of these effects 
on the vascular wall can be to impede blood flow 
and produce hypoxic target organ damage. 

Some 20 years ago, Brunner et al!” postulated 
the clinical relevance of these physiologic relation- 
ships. In a retrospective analysis of 240 hyperten- 
sive subjects, they found that the sodium-to-renin 
relation provided a convenient means to stratify 
patients into subgroups with different levels of 
cardiovascular risk. A prospective study has now 
confirmed this hypothesis.'* Plasma renin activity 
and urinary sodium excretion of 1,717 mild and 
moderately hypertensive subjects were determined 
before the initiation of antihypertensive therapy. 
Over a follow-up period of 8 years, blood pressure 
control was maintained by application of a modi- 
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fied stepped-care regimen by therapists blinded to 
the renin profile status. Some 58 cardiovascular 
morbid and mortal events were observed during 
follow-up, including 27 MIs and 12 strokes. 

The renin/sodium profile was used to stratify 
patients into high (12%), normal (56%), and low 
(32%) renin status. In this study, younger white 
men were most likely to have high, and older black 
women were most likely to have low, renin levels. 
Some minor pretreatment differences in blood 
pressure existed between groups, but throughout 
follow-up, blood pressure control was good and 
equivalent in the 3 groups. No differences were 
found in prior cardiovascular disease, lipid or 
glucose metabolism, or left ventricular hypertro- 
phy (LVH) between groups. Drug use was similar 
in the 3 groups, with diuretic use, initially most 
common, increasingly replaced by calcium antago- 
nists, angiotensin-converting enzyme (ACE) inhib- 
itors, and a blockers. Throughout, B blockers were 
used by about 25% of patients. 

The principal finding of the study was that 
patients with a high sodium/renin profile were at 
greatest risk of MI (Table I). Multivariate analysis 
confirmed the significance of an elevated renin 
profile as an independent predictor of MI. In fact, 
among these patients, in addition to renin profile 
status, only cholesterol, LVH, gender, and ciga- 
rette smoking were independently associated with 
the risk of MI. No measure of blood pressure in 
these successfully treated hypertensive patients 
remained in the multivariate analysis model as 
predictive of MI. 

Bivariate analysis revealed that, in general, the 
renin profile-to-MI relation persisted regardless of 
gender, age, the presence or absence of hypercho- 
lesterolemia, smoking, or fasting blood sugar level 
(Figures 2 and 3). However, in certain situations, 
that was not the case. In particular, the renin 
profile-to-MI relation, most dramatically displayed 
in whites, did not appear among blacks. However, 
since MI was relatively rare in blacks treated in this 
study, the paucity of events affected the statistical 
power to test this relation.'* It should also be noted 
that the renin/sodium profile was not associated 
with stroke, although, again, the number of such 
events was small. Finally, when patients were 
stratified according to the presence or absence of 
other risk factors (Figure 4), the renin profile 
remained a powerful discriminator of risk. 

An earlier retrospective analysis of 1,999 per- 
sons drawn from a general population indicated 
that no relation existed between plasma renin and 
cardiovascular disease.! Many important method- 





TABLE I Unadjusted and Adjusted Incidence of Myocardial 
Infarction Per 1,000 Person-Years, According to Renin Profile* 


Renin Profile 


Variable High Normal Low Rate Ratiot 

No. events 7 15 5 — 

Follow-up (person- 539.3 2,851.8 1,519.8 — 
years) 

Unadjusted incidence 


Adjusted incidence 


13.0 5.3 3.3 3.9 (1.2—12.3) 
14.7 5.6 2.8 5.3 (3.4-8.3) 

*The incidence was adjusted for distributional differences in age, sex, and race with 
the entire study population used as the standard. 


tThe rate ratio is that between the high-profile and low-profile groups. Values in 
parentheses are 95% confidence intervals. 


ologic differences between that earlier study and 
the current prospective study make comparison 
difficult. Nevertheless, in that report >95% of 
patients were normotensive. The possibility cer- 
tainly exists that plasma renin and the renin profile 
may have prognostic value primarily in hyperten- 
sive patients. In other words, variations in plasma 
renin among normotensive patients may reflect 
appropriate physiologic response to maintain blood 
pressure and flow. In contrast, among hypertensive 
patients, where renin levels would be expected to 
be set at or near 0, any substantial elevation can be 
pathologic.’® In this regard, it is of note that when 
our patients were stratified by level of diastolic 
pressure, elevated renin levels were most predic- 
tive of hypertensive events among those with the 
highest pressures. In fact, among patients with 
diastolic pressures <95 mm Hg, high renin sub- 
jects were not at significantly greater risk than 
normal or low renin subjects. This, at first glance, 
would suggest that the 2 studies may be compati- 
ble. However, the small number of events observed 
among the hypertensive patients (n = 6) with pres- 
sures <95 mm Hg precludes drawing a definitive 
conclusion. 

Of particular note is the finding that in patients 
with no other risk factors who also had a low 
renin/sodium profile, not a single MI infarction 
occurred over 8 years of follow-up. Overall, 240 
subjects, or 14% of the total, fell into this seem- 
ingly protected subgroup. 

Because of the strong inverse relation of sodium 
ingestion and plasma renin levels (Figure 5), the 
renin profile was designed to take sodium intake 
into account. In an attempt to determine whether 
sodium intake might have an additional, indepen- 
dent impact on the occurrence of MI, we deter- 
mined the incidence of myocardial infarction in 
patients stratified both by the renin profile and by 
whether their sodium intake was above or below 
the median for the group (126 mmol/24 hours). 
The analysis was limited to men, in whom 82% of 
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Mls occurred. It can be seen that in both sodium 
intake strata, the renin profile is a powerful predic- 
tor of subsequent events (Figure 6). In addition, 
within each renin profile category (high, normal, 
and low), those consuming a lower sodium diet 
were at greater risk of subsequent events. This 
occurred despite the fact that there were no 
significant differences among the 6 subgroups in 
age, race, presence of LVH, cigarette smoking, or 
pre- or in-treatment blood pressure. As expected, 
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FIGURE 2. Myocardial infarction 
incidence by renin profile and 
age, gender, and race. 
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stratification by sodium intake revealed that, for 
example, high renin subjects consuming less salt 
had a slightly higher absolute plasma renin activity 
(7.47 vs 5.24 ng/mL/hour) than those consuming 
more sodium. This analysis is ongoing, but the 
available data confirm the well-recognized relation 
between sodium intake and plasma renin activity 
and suggest that, at the very least, a low sodium 
intake, which elevates plasma renin, may not be 
beneficial for treated hypertensive patients. 


FIGURE 3. Myocardial infarction 
incidence by renin profile and 
cholesterol, fasting blood sugar, 
and smoking. 
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FIGURE 4. Myocardial infarction 
incidence by risk factor status* 
and renin profile. 
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THE RENIN SYSTEM AND ANTIHYPERTENSIVE 
THERAPY 

Clearly, appreciation of the renin-angiotensin 
system has now passed beyond merely being per- 
ceived as a participant in the mechanisms for blood 
pressure control. Instead, a more profound under- 
standing of the full biologic significance of the 
renin—angiotensin system suggests that treatment 
regimens can be more rationally designed to im- 
prove both the efficiency and the efficacy of antihy- 
pertensive therapy.'® First, the available data sug- 
gest that those hypertensive patients who have no 
evidence of preclinical end-organ disease, have a 
favorable risk factor profile, and are in the low 
renin profile category are at exceedingly low risk of 
subsequent cardiovascular disease events. Since 
these observations have been made in a cohort of 
successfully treated hypertensive patients, a pro- 
spective clinical trial is still needed to test the 
hypothesis that such patients may do as well with as 
without drug therapy. A positive finding in such an 
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FIGURE 5. Urinary sodium (UNa), potassium (UK), and 
plasma renin (PRA) in untreated hypertensive men. 








experiment would make it possible for a sizable 
fraction (perhaps 15%) of mild-to-moderate indi- 
vidual hypertensive patients to avoid the cost, 
inconvenience, and possible harm of drug therapy, 
while producing substantial savings for society as a 
whole. 

At the same time, elevated renin levels in the 
presence of elevated systemic blood pressure pro- 
spectively identifies that subgroup of hypertensive 
patients who can be expected to experience an 
increased incidence of MI, enabling them to re- 
ceive special attention and, it is hoped, more 
appropriately tailored and effective therapy. The 
clinical data, combined with substantial animal and 
some human experimental evidence of end-organ 
damage associated with elevated angiotensin II 
levels, strongly support the view that the renin- 
to-MI relation is causal.'® Although no clinical trial 
has tested the hypothesis that inhibition of the 
renin system with an ACE inhibitor would enhance 
the cardiovascular protection produced by tradi- 
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FIGURE 6. Renin profile, urinary sodium (UNa), and myo- 
cardial infarction (MI) among hypertensive men. 
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tional diuretic and B blocker therapy, available 
evidence offers encouragement. In particular, 
Dahlof et al!” have shown that vascular changes 
associated with hypertension are more completely 
reversed when patients are treated with converting 
enzyme inhibitors than with diuretics, despite the 
fact that blood pressure reduction was fairly similar 
in the 2 groups. These findings suggest the possibil- 
ity that blood pressure control coupled with sup- 
pression of the renin—angiotensin system may close 
the gap between what is expected and what can be 
achieved by blood pressure reduction. Moreover, 
the existence of pharmacologic means to lower 
pressure by inhibiting angiotensin II generation 
offers the prospect that blood pressure reduction 
achieved in this way may yield cardiovascular 
protection even beyond that ascribable to the 
blood pressure change itself. 

Finally, there is the possibility that normoten- 
sive patients with elevated renin levels may be at 
greater risk of cardiovascular events than their low 
renin confreres. Although no evidence exists to 
support this hypothesis, since more than half of all 
heart attacks occur among normotensive persons, 
the availability of a precise biologic marker to 
identify and perhaps suggest an effective interven- 
tion would be of enormous public health value. 


CONCLUSION 

Application of our knowledge of the renin- 
angiotensin system is central to understanding and 
treating hypertensive disease. Available knowledge 
already makes it clear that the ability to quantitate 
the activity levels of the renin system accurately 
now provides the means to unravel the prognostic 
heterogeneity of hypertension and to describe 
blood pressure control mechanisms as the basis for 
rational therapeutic intervention. In addition, there 
is the possibility that manipulation of the renin- 
angiotensin system may dramatically improve the 
capacity of antihypertensive therapy to prevent 
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coronary artery disease in millions of hypertensive 
patients. 
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Trandolapril in Hypertension: Overview of a New 
Angiotensin-Converting Enzyme Inhibitor 


Laurent Nguyen Cong Duc, mD, and Hans R. Brunner, MD 


Trandolapril is a new angiotensin-converting en- 
zyme (ACE) inhibitor that has been extensively 
investigated in vitro, in animals, in normal volun- 
teers, and in hypertensive patients. It has been 
shown to exert all the effects typical for the class 
of ACE inhibitors, and has a marked impact on 
the reversal of structural hypertrophy of the myo- 
cardium and the arterial wall. Trandolapril is a 
prodrug that must be hydrolyzed to its active me- 
tabolite, trandolaprilat. This latter compound ex- 
hibits a particularly high affinity for converting 
enzyme, which results in a slow dissociation and 
one of the longest durations of action of any con- 
verting enzyme inhibitor known so far. Trandola- 
pril reduces blood pressure consistently through- 
out the 24-hour period following intake. 
Accordingly, trandolapril, more than any other 
drug of its class, can be considered a true, once- 
a-day antihypertensive drug. 

(Am J Cardiol 1992;70:27D—34D) 
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ngiotensin-converting enzyme (ACE) in- 
Anes provide an excellent approach to 

the treatment of patients with hyperten- 
sion. ACE inhibitors have been available for clini- 
cal use for >15 years. They have been extensively 
studied and have been found to be both effective 
and well tolerated. 

These agents share the common mode of action 
of ACE inhibition, which results in the blockade of 
the renin—angiotensin system (Figure 1). They 
interfere with the cleavage of angiotensin I to the 
active pressor agent angiotensin II, thus signifi- 
cantly decreasing circulating levels of the latter. 
Converting enzyme inhibitors also affect at least 2 
other major natural hormonal systems: they pre- 
vent the breakdown of the vasodilator agent brady- 
kinin into inactive peptides and they modulate the 
production of prostaglandins. 

Angiotensin II is a potent direct pressor agent 
on vascular smooth muscle and consequently ACE 
inhibition produces a direct peripheral vasodila- 
tion. Angiotensin II normally interacts with the 
autonomous nervous system. It enhances sympa- 
thetic nervous activity by potentiating the release 
and increasing reuptake of norepinephrine by the 
sympathetic nerve terminals. In addition, it tends 
to attenuate parasympathetic nervous activity. Inhi- 
bition of the renin—angiotensin system blunts the 
stimulating effects on the sympathetic nervous 
system and leads to further decrease in peripheral 
resistance. Angiotensin II stimulates the secretion 
of antidiuretic hormone and the release of the 
salt-retaining hormone aldosterone. ACE inhibi- 
tion results in the decrease of circulating plasma 
aldosterone levels and reduces sodium and water 
retention. Further, recent experimental evidence 
strongly suggests that angiotensin II may exert a 
major influence by acting as a growth factor. 

Compared with other antihypertensive agents, 
ACE inhibitors possess a very favorable hemody- 
namic profile. They lower blood pressure by reduc- 
ing total peripheral vascular resistance very effec- 
tively, without influencing cardiovascular reflexes. 
Inhibition of the activation of the sympathetic 
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nervous system prevents the occurrence of any 
reflex acceleration of heart rate and thereby avoids 
any increase in myocardial oxygen consumption. 
Cardiac output and stroke volume remain nearly 
unchanged in patients with mild-to-moderate hyper- 
tension treated with ACE inhibitors and tend to 
increase toward normal levels in patients with left 
ventricular dysfunction, mainly as a consequence 
of reduced afterload. Regional renal, cerebral, and 
coronary blood flow are maintained, and local 
autoregulatory mechanisms are respected. Treat- 
ment with ACE inhibitors does not alter the blood 
lipids or the glucose balance. 

In this context one of the most recent additions, 
trandolapril, is of particular interest. The purpose 
of this article is to provide a short review of some of 
its main characteristics. 
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FIGURE 2. Chemical structure of trandolapril and trandola- 
prilat. 
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PHYSICOCHEMICAL AND PHARMACODYNAMIC 
PROPERTIES 

Chemical structure: Trandolapril is the interna- 
tional nonproprietary name for [2S-(1(R’(R’)), 
2a,3aa,7aB )|-1-[2-[(1-(ethoxy-carbonyl)-3-phenyl- 
propyl)amino]|-1-oxopropyl] octahydro-1H-indole- 
2-carboxylic acid (Figure 2), a new orally active 
nonsulfhydryl ACE inhibitor. Since the active moi- 
ety of trandolapril is the free acid resulting from an 
ester cleavage, trandolapril is considered to be a 
prodrug, but one study has suggested that the 
hydrolysis into the diacid form is not a mandatory 
step for achieving ACE inhibition either in vitro or 
in vivo.? 

Lipophilicity: The lipophilicity of trandolapril 
and trandolaprilat was studied by the reversed 
phase high-performance liquid chromatography 
method and compared to that of other ACE 
inhibitors.* The lipophilic indexes, calculated at 
pH 7.4, are shown in Table I. The lipophilicity of 
trandolapril is intermediate between that of ramipril 
and perindopril, with captopril being more hydro- 
philic than the other compounds, whereas trandol- 
aprilat is the most lipophilic diacid of the series 
studied. This high lipophilicity may contribute to a 
good penetration into various tissues, especially 
the heart muscle and the vascular walls, and 
accordingly to the marked inhibition of local con- 
verting enzyme. 

ACE inhibition: Preclinical in vitro and in vivo 
studies have shown that trandolapril is a very 
potent and long-acting ACE inhibitor. 

In vitro, trandolapril is more potent than enala- 
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pril (i.e., smaller concentrations are needed to 
inhibit 50% of ACE [ICs9]) whatever the origin of 
serum ACE tested (Table II).* Trandolapril itself 
may exert direct ACE inhibition, since the [Cs of 
unchanged trandolapril for human ACE is only 
7-fold higher than that of trandolaprilat. 

The inhibition of angiotensin I-induced pressor 
responses and the potentiation of bradykinin- 
induced depressor responses are good indicators of 
the effect of ACE inhibitors in vivo. After oral or 
intravenous administration to rats and/or dogs 
trandolapril attenuated the pressor action of angio- 
tensin I and potentiated the depressor action of 
bradykinin.” Trandolapril was 2.3- to 10-fold more 
potent than enalapril in all experiments, depend- 
ing On species or route of administration. 

In addition to the uptake into tissue sites from 
circulating plasma, recent data demonstrated that 
angiotensin II is locally generated in many organ 
tissues involved in cardiovascular regulation. Inhi- 
bition of ACE activity in tissues with subsequent 
local reduction of angiotensin II levels could signif- 
icantly contribute to the antihypertensive effects of 
ACE inhibitors. Following a single oral administra- 
tion in rats, trandolapril (3-100 g/kg) and enala- 
pril (10-300 ywg/kg) inhibited ACE activity in 
serum and various tissues (Table III). Inhibition 
was maximal at 2 hours, and with trandolapril it 
was maintained for 24 hours. Trandolapril was 6- 
to 10-fold more potent than enalapril except in the 
heart and adrenal glands, where the difference was 
higher. 

In humans onset of ACE inhibition is very 
rapid—within 30 minutes after single oral dosing in 
healthy volunteers. Maximum inhibition is ob- 
served from 2-4 hours onward and marked ACE 
inhibition is observed for up to 24 hours. At doses 
of 2 mg, 80% of ACE activity is still inhibited 24 
hours after administration of trandolapril.’ Similar 
patterns of ACE inhibition have been seen in 
elderly and younger hypertensive patients’ and 
patients with chronic renal impairment? after re- 
peated administration. 

The effects of various doses of trandolapril on 
ACE activity were studied in humans. Trandolapril 
was administered to normal volunteers at daily 
doses of 0.5, 2, or 8 mg for 10 days. ACE activity 
was measured in vitro using 3 different synthetic 
substrates. Although the degree of ACE inhibition 
assessed with the 3 methods varied widely, all 
methods clearly indicated dose-dependent ACE 
inhibition that was paralleled by a dose-dependent 
increase in plasma active renin and blood angioten- 
sin I levels.!° This did not result in a dose- 











TABLE I Lipophilic Index of Trandolaprill and Trandolaprilat 
Compared With That of Other Angiotensin-Converting Enzyme 
(ACE) Inhibitors 


Lipophilic Index* 
(logkw7:4) 


2.34 + 0.06 
1.49 + 0.11 
0.94 + 0.06 
0.08 + 0.03 


ACE Inhibitors 


Ramipril 
Trandolapril 
Perindopril 
Captopril 

Diacid Metabolites 
Trandolaprilat 
Ramiprilat 


1.46 + 0.12 
0.92 + 0.08 
Perindoprilat 0.87 + 0.03 
Enalaprilat 0.11 + 0.03 


*The lipophilic index is expressed as the capacity factor (logkw’*) determined by 
reversed phase high performance liquid chromatography method. 


TABLE Il Angiotensin-Converting Enzyme Inhibitory Activity of 
Trandolapril, Enalapril, and Their Diacids In Vitro 


1:72 07 
16+ 0.7 


368 + 50 
2.0% 0.1 


71-421 
0.9+0.3 


Trandolapril 

Trandolaprilat 
Enalapril 7542.9 1,020 + 200 593 + 208 
Enalaprilat 47+0.9 7.8+ 2.2 2.9+ 1.4 


ICs9: concentration of drug (nM) needed to inhibit 50% of serum ACE. 


TABLE Ili Angiotensin-Converting Enzyme (ACE) Inhibition in 
Serum and Tissues Following a Single Oral Administration of 
Trandolapril and Enalapril in Rats 


Trandolapril Enalapril 


47.5+ 6.3 
>300* 
137.8 + 33.8 
53.1+ 8.4 
57.8+9.3 
> 300* 
> 300* 


Serum 

Heart ventricle 
Aorta 

Lung 

Kidney 

Adrenal medulla 
Adrenal cortex 


*Enalapril produced a plateau inhibitory effect of 40% only. 
IDso = dose (pg/kg) + SEM producing 50% of the maximum ACE inhibition. 


dependent decrease in plasma angiotensin II lev- 
els, presumably because of the induced increase in 
renin and angiotensin I, which was still partially 
converted to angiotensin II. These results showed 
that it is not worth increasing the doses of an ACE 
inhibitor unnecessarily and doses ranging from 
0.5-2 mg trandolapril achieved effective ACE inhi- 
bition without any major stimulation of the renin- 
angiotensin system. 


PHARMACOKINETIC PROPERTIES IN HUMANS 
Oral trandolapril is rapidly absorbed from the 
gastrointestinal tract and within 1 hour reaches 
peak plasma concentrations in a dose-dependent 
fashion. The plasma half-life of trandolapril is 0.7 
hour.!! Approximately 40-60% of an administered 
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dose is absorbed!” and this percentage is unaf- 
fected by food.! 

After absorption, trandolapril is hydrolyzed to 
the active diacid metabolite trandolaprilat. Trandol- 
aprilat reaches peak plasma concentrations at 6 
hours. With once-daily dosing, steady state is 
reached within 4 days in healthy subjects,’ elderly 
or younger hypertensive patients,® and in patients 
with chronic renal failure.’ As is the case with 
several other ACE inhibitors, trandolaprilat has a 
polyphasic elimination profile with a slow terminal 
phase, probably the result of binding to ACE and 
subsequently a slow dissociation from the en- 
zyme.'* The effective half-life for accumulation of 
trandolaprilat has been estimated to be in the 
range of 16-24 hours. Once administered, 80% of 
the circulating trandolapril and up to 94% of the 
circulating trandolaprilat are bound to plasma 
proteins. This protein binding is not saturable for 
trandolapril and is saturable for trandolaprilat. 

After single oral dosing of '*C-labeled com- 
pound, elimination is rapid, 82% of the radioactiv- 
ity is eliminated within 48 hours, and excretion is 
nearly complete after 7 days. Pharmacokinetic 
analysis revealed that urinary and fecal recoveries 
of radioactivity accounted for 33% and 67% of the 
total excretion, respectively.'> Only negligible quan- 
tities of unchanged trandolapril are excreted in 
urine. The majority of renal excretion products is 
trandolaprilat and its glucuronide conjugate. Both 
trandolapril and trandolaprilat are also metabo- 
lized to inactive diketopiperazine derivatives to a 
limited extend. 

In the presence of normal hepatic and renal 
function, age alone does not have any significant 
influence on trandolaprilat pharmacokinetics. 

In patients with various degrees of renal impair- 
ment the renal clearance of trandolaprilat de- 
creases with increasing renal insufficiency, leading 
to increased plasma concentrations. The pharmaco- 
kinetics of trandolaprilat are thus significantly 
altered when creatinine clearance decreases to 
<30 mL: min~!/1.73m?. Thus, trandolapril dos- 
age adjustment (i.e., a low starting dose of 0.5 mg) 
is required in patients with severe renal impair- 
ment. 

Interaction studies were performed with drugs 
commonly used in clinical practice. No significant 
changes in pharmacokinetics are observed when 
trandolapril is administered concomitantly with 
digoxin,!° nifedipine," and furosemide.'* Trandol- 
april does not alter the anticoagulant properties of 
warfarin." 


EFFECTS OF ACE INHIBITION ON STRUCTURAL 
AND FUNCTIONAL CHANGES OF THE HEART 
AND THE ARTERIES SECONDARY TO 
HYPERTENSION 

The structural changes observed in the heart 
and the arterial wall of hypertensive patients lead 
to deleterious cardiovascular complications. Be- 
yond blood pressure reduction, the prevention of 
these changes is one of the most important clinical 
challenges. Thus, hypertension is associated with 
left ventricular hypertrophy, an independent risk 
factor, and changes in arterial wall structures and 
functions: hypertrophy of smooth muscle cells, 
increase in collagen matrix density, and reduction 
of arterial compliance, a common index for measur- 
ing the stiffening process. 

The effects of trandolapril on these alterations 
were studied using a Goldblatt (2 kidneys, 1 clip) 
rat model of renovascular hypertension. After oral 
treatment at 0.3 and 1 mg/kg/day for 4 weeks, 
trandolapril induced a dose-dependent regression 
of cardiac hypertrophy, nearly complete at the 
higher dose: heart weight-to-body weight ratio 
decreased by 17% and 30% at 0.3 and 1 mg/kg/ 
day, respectively. A marked decrease in vascular 
wall hypertrophy in both the mesenteric artery and 
the aorta were also observed.” Again, complete 
normalization of media thickness was observed 
compared with the normotensive control group at 1 
mg/kg/day (Figure 3). 

In another study, trandolapril 0.4 mg/kg/day 
was given orally for 4 weeks to 20-week-old sponta- 
neously hypertensive rats (SHR), a widely used 
model of genetic hypertension. In comparison with 
the control group, a decreased blood pressure 
(—15 to — 18%), a regression of myocardial hyper- 
trophy (—9%), reductions of media thickness of 
thoracic aorta (—11%) and femoral arteries 
(—12%), and an increased compliance of the 
resistance arteries were observed in the trandola- 
pril-treated group.7! 

These effects were also observed in aged SHRs 
with congestive heart failure in which hypertension 
and cardiovascular changes had been established 
for a long time. Twenty-one-month old SHRs 
received placebo, trandolapril 0.3 mg/kg/day, or 
enalapril 10 mg/kg/day for 3 months.” Despite a 
nonsignificant decrease in blood pressure, trandol- 
april induced a reversion of cardiac hypertrophy 
(i.e., 24% decrease of ventricular hypertrophy and 
a reduction of the septal thickness; Figure 4) and a 
regression of aortic wall hypertrophy. Enalapril 
produced similar effects on all these parameters, 
but only trandolapril induced a near complete 
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FIGURE 3. Cross-sections of a 
mesenteric artery of a normoten- 
sive control rat and Goldblatt (2 


lar wall hypertrophy is observed 
in the trandolapril-treated ani- 
mals, and a complete normaliza- 
tion of media thickness is 
achieved with the 1 mg/kg/day 
TRANDOLAPRIL ` 
I mg/kg/day 


regression of media hypertrophy of the mesenteric 
arteries with decreases in myocytes surface (—42%) 
and extracellular matrix (—22%), and an increase 
in nuclear density (68%) (Figure 5). Compared 
with the placebo group (58% mortality), the sur- 
vival was greatly improved in both active treatment 
groups (20% mortality). 

In 15 hypertensive patients De Luca et al” 
reported that 1-year treatment with trandolapril 2 
mg once daily induced a normalization of blood 
pressure (systolic and diastolic blood pressures 
<140 and <90 mm Hg, respectively), a complete 
reversal of left ventricular hypertrophy with un- 
changed left ventricular systolic function, and in- 
creased diastolic function evaluated by echocardi- 
ography, and an increase in brachial artery 
compliance.*? After 1 month washout period, the 
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systolic and diastolic blood pressures returned to 
baseline values, whereas the left ventricular mass 
index and the brachial artery compliance remained 
different from baseline. Thus, long-term treatment 
with trandolapril is associated with a stable regres- 
sion of cardiac and vascular abnormalities. 


CLINICAL EFFECTS 

The antihypertensive efficacy of trandolapril has 
been evaluated in 1,959 patients with various 
degrees of hypertension—67% mild, 30% moder- 
ate, and 3% severe. 

Dose-ranging studies in double-blind, parallel- 
group, placebo-controlled design were conducted. 
In one study of 186 hypertensive patients, compar- 
ing the placebo to 0.5, 1, and 2 mg trandolapril 
given once-a-day for 4 weeks, the lowest effective 


HEART 
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dose for diastolic and systolic blood pressure reduc- 
tions were 1 and 0.5 mg, respectively” (Figure 6). 
At the end of the study, the 1 and 2 mg doses were 
equally effective, with a mean reduction of diastolic 
blood pressure of 13.9 and 12.3 mm Hg, respec- 
tively. The 2 mg dose, however, was effective more 
rapidly than the lower dose—within 7 versus 14 
days. Moreover, this study showed a dose-effect 
relation between systolic blood pressure decreases 
and doses from 0.5-2 mg. 

The efficacity of trandolapril at rather small 
doses was confirmed in another study in 216 
hypertensive patients comparing placebo to 2, 4, 
and 8 mg trandolapril given once daily for 8 days. 
The 2 mg dose was effective in lowering the 
diastolic and systolic blood pressures. There was 
no difference between 2, 4, and 8 mg, suggesting 
that a plateau effect was obtained with the lowest 
dose used.” This study demonstrated also that the 
ratio of the trough/peak effect was about 70% for 
the 3 trandolapril doses. This indicates that the 
blood pressure reduction is well maintained over 
the 24-hour period. 

The long duration of action of trandolapril was 
confirmed with 24-hour ambulatory blood pressure 
(ABP) measurements. A double-blind parallel- 
group ABP monitoring study in 27 hypertensive 
patients comparing 1 and 2 mg doses given once 
daily for 14 days showed that the reductions in 


blood pressure following intake were well main- 
tained throughout the subsequent 24-hour period 
with no alteration of the circadian profile of blood 
pressure.”° Further, blood pressure remained de- 
creased after the treatment was stopped and started 
progressively to return to initial levels within 48 
hours after the last dose without any rebound 
effect. 

Six large-scale comparative trials with the main 
classes of antihypertensive agents showed that 1—4 
mg trandolapril monotherapy given once daily for 
6-8 weeks reduced blood pressure in 59-77% of all 
patients with essential hypertension; the mean rate 
of responders was 64%. A responder patient was 
defined as having a supine diastolic blood pressure 
<90 mm Hg or a diastolic blood pressure decrease 
of >10 mm Hg during treatment.” The average 
decline in diastolic blood pressure was 11-14 mm 
Hg, which is equivalent to that of reference drugs 
from the 4 major classes tested: ACE inhibitors 
(enalapril, captopril, and lisinopril), a B-blocking 
agent (atenolol), a diuretic (hydrochlorothiazide), 
and a calcium antagonist (nifedipine SR). In addi- 
tion, concomitant administration of trandolapril 
and hydrochlorothiazide or nifedipine SR was 
generally more effective in lowering blood pressure 
than either monotherapy, as previously described 
in the literature with such combinations. 

In long-term treatment the efficacy of trandola- 
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FIGURE 5. Electron micrographs of the muscular layer of a mesenteric artery. Aged spontaneously hypertensive 
rats were treated with placebo, trandolapril 0.3 mg/kg/day, or enalapril 10 mg/kg/day for 3 months. Trandolapril in- 
duced a marked reduction of myocyte surface and extracellular matrix. 
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EL = elastic lamina; En = endothelium; 


L = lumen; Ma = interstitial matrix; My = myocyte; Nu = nucleus. 
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pril was well maintained. An interim analysis of a 
14-month open study in 1,049 hypertensive pa- 
tients treated with 2 or 4 mg trandolapril or a 
combination with a diuretic and/or a calcium 
antagonist showed a mean reduction of supine 
diastolic and systolic blood pressure of 13.3 and 
18.5 mm Hg, respectively, with no evidence of loss 
of efficacy throughout the months. In comparison 
with the overall population, no major difference in 
efficacy was noted in 229 obese patients, 57 pa- 
tients with glucose intolerance, or 60 patients with 
high serum creatinine at entry. Not surprisingly, a 
slightly greater decrease in systolic blood pressure 
(i.e., mean decline of 24 mm Hg) was obtained in 
100 elderly patients whose systolic blood pressure 
was higher at baseline than that of the overall 
population. 

The tolerance of trandolapril was evaluated in 
1,959 patients treated for periods ranging from 1 
week to 14 months, which represents 1,134 patient- 
years. Trandolapril was well tolerated at all doses 
used, 0.5-8 mg. The profile of adverse events of 
trandolapril was comparable with that of the other 
ACE inhibitors and better than that of the diuretic 
and the calcium antagonist used. In common with 
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FIGURE 6. Mean decrease (+ SEM) in supine diastolic and systolic blood pressure induced by 0.5, 1, and 2 mg trandola- 
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pril: a double-blind, 


other ACE inhibitors the most frequent adverse 
events associated with trandolapril in the long- 
term study were cough (3.9%), headache (2.3%), 
asthenia (2.1%), dizziness (1.7%), hypotension 
(0.5%), nausea (0.5%) and pruritus (0.5%). These 
adverse events led to discontinuation of the treat- 
ment in 7.2% of the patients. There was no 
evidence of drug-related hematologic or biochemi- 
cal abnormalities. No significant changes in blood 
glucose, lipid, or electrolyte levels were observed. 


CONCLUSION 

ACE inhibitors are now well established as 
antihypertensive drugs. They have been demon- 
strated to be efficacious and to exhibit an extremely 
favorable therapeutic profile as to blood flow 
distribution, metabolic effects on electrolytes, glu- 
cose and lipid homeostasis, as well as interaction 
with the autonomic nervous system. Moreover, 
there is accumulating experimental and some pre- 
liminary clinical evidence suggesting that ACE 
inhibitors may exert some actions that go beyond 
simple blood pressure reduction, such as reversal 
of hypertension-induced left ventricular hypertro- 
phy and thickening of the arterial wall. 
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group, placebo-controlled study; APAD = decrease in diastolic blood pressure; 


parallel- 
APAS = decrease in systolic blood pressure; *first effective dose significantly different from placebo (Williams test). 
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Trandolapril is a relatively recent addition to 
the class of ACE inhibitors. As a prodrug, it has to 
be hydrolyzed to the active drug trandolaprilat. 
This compound has been investigated extensively 
in experimental situations and in hypertensive 
patients. It has been shown to exhibit all the effects 
that are typical for all ACE inhibitors and has a 
marked impact on the reversal of structural hyper- 
trophy of the myocardium and the arterial wall. In 
addition it is characterized by a high affinity to the 
converting enzyme and by one of the longest 
duration of action of any ACE inhibitor available 
so far. 

ABP monitoring in hypertensive patients demon- 
strated that trandolapril reduces blood pressure 
consistently throughout the 24-hour period follow- 
ing intake. Consequently, more than any other 
ACE inhibitor, it is a true once-a-day antihyperten- 
sive drug. This feature can be translated into 
patient benefit in daily practice where the patient 
compliance can be improved by using once daily 
regimens. Further, a long acting compound can 
cover properly the interval between 2 intakes, 
which often varies. In addition increasing evidence 
suggests that alleviating the 24 hour blood pressure 
load consistently is a desirable goal to prevent the 
occurrence of complications and further damage of 
the “target organs” in hypertensive patients. 
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Effects of Trandolapril on Vascular Morphology 
and Function During the Established Phase of 
Systemic Hypertension in the Spontaneously 

Hypertensive Rat 


Jean-Louis Freslon, Pho, Fabrice Pourageaud, Bs, Dominique Lecaque, Bs, and 
Jean Secchi, MD 


The aim of this study was to determine the mor- 
phologic and functional vascular changes occur- 
ring following 4 weeks of treatment with the an- 
giotensin-converting enzyme inhibitor 
trandolapril in the spontaneously hypertensive 
rat (SHR) in the established phase of hyperten- 
sion. At the dosage used, 0.4 mg/kg orally, tran- 
dolapril decreased blood pressure of the SHR by 
15-18% compared with that of the control ani- 
mals. Immediately before the end of treatment, 
the following changes from control values were 
observed: (1) 9, 11, and 12% reductions for myo- 
cardial hypertrophy and the media thickness of 
the thoracic aorta and femoral arteries, respec- 
tively; and (2) an increase in the compliance of 
the resistance arteries, demonstrated by a shift 
to the right of the in vitro tension—diameter 
curves and a significant 22% increase in their 
normalized internal diameter, while their maxi- 
mum contractile ability was significantly de- 
creased. Following discontinuation of treatment, 
blood pressure levels remained significantly 
lower in the treated versus the control groups for 
up to 4 weeks after the last administration. At 
that time measurement of the studied parame- 
ters showed: (1) a rapid reversion to control val- 
ues of the compliance of the resistance vessels; 
and (2) a slower progression, but in the same di- 
rection, in the parameters of cardiac and vascu- 
lar hypertrophy. Thus, trandolapril, administered 
for a short period in the adult SHR, was able to 
reverse the cardiac and vascular morphologic 
changes present in this model of hypertension. 
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Like the effect on blood pressure, these effects 
were slowly reversible at the end of treatment, 
whereas the functional consequences at the re- 
sistance artery level seemed to display a more 
rapid reversibility. 

(Am J Cardiol 1992;70:35D—42D) 


r l The evolution of blood pressure in the spon- 
taneously hypertensive rat (SHR), a widely 
used model of genetic hypertension, is char- 

acterized by two phases.! The development phase 

of systemic hypertension occurs in young SHRs, 

i.e., from birth to 16-20 weeks of age and is 

accompanied by a progressive increase in blood 

pressure due to a strong increase in peripheral 
vascular resistance. During this phase, hypertro- 
phic changes in the vascular morphology progres- 
sively appear, thus creating a structural factor that 
has been proposed to be related to arterial pres- 
sure via a positive feedback process.* Moreover, an 
abnormal or “reinforced” hypertrophic response 
to the increased intraarterial pressure and the 
influence of 1 or several agents causing hypertro- 
phy directly are likely to be contributive factors to 
these vascular changes.>° 

In the established form of hypertension, i.e., in 
animals > 16-20 weeks of age, this process of 
vascular structural adaptation entirely dominates 
the hemodynamic pattern of the disease.*’ Vascu- 
lar changes are characterized by a increase in 
wall-to-lumen ratio due to smooth muscle cell 
hypertrophy and/or hyperplasia and connective 
tissue development.®’? Regarding myocardial hyper- 
trophy, the adaptive response includes myocytic 
hypertrophy and accumulation of collagen within 
the interstitium.'°!! 

Several studies have confirmed that angiotensin- 
converting enzyme (ACE) inhibitors, when admin- 
istered chronically for short or long periods to 
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young SHRs, are very effective in controlling the 
progressive increase of blood pressure and in 
limiting myocardial and vascular hypertrophy.'*""® 
Moreover, these drugs exhibit a remarkable ability 
to maintain blood pressure at a low level after 
discontinuation of treatment.!2-!®!8 However, when 
administered to SHRs in the established phase of 
hypertension, the effects of these drugs are less 
well documented.!>-!’ Particularly, the ability of the 
ACE inhibitors to cause regression of the cardiovas- 
cular changes that are present in this phase have 
not yet been thoroughly investigated. 

Thus, the present study was designed to deter- 
mine the effects of short-term treatment with 
trandolapril, a new nonsulfhydryl converting en- 
zyme inhibitor,?’*! on the cardiac and vascular 
changes present in the SHR in its established 
phase of hypertension. 


METHODS 

Animals and treatments: Male SHRs (330-350 
g; Iffa-Credo; L’Arbresle, France) were received in 
our laboratory at the exact age of 20 weeks. They 
were housed under standard conditions: 5 animals 
per cage, 12 hour light/dark cycle with artificial 
light, temperature 24 + 1°C, tap water and food 
(UAR; France) ad libitum. The animals were 
randomized into 3 groups, each comprising 30 
animals aged 21 weeks old. They then entered a 
4-week regimen in which they received by daily 
gavage either distilled water (in a volume of 10 
mL/kg; control group) or 0.4 mg/kg of trandolapril 
(Roussel-Uclaf, Romainville, France) dissolved in 
distilled water (10 mL/kg; trandolapril-treated 
group). 

General organization of the study: Treat- 
ments were started at day 0, with subgroups com- 
prising an equal number of control and trandolapril- 
treated animals. The beginning of the treatment 
was staggered from one subgroup to the next so 
that the treatment duration was the same for all 
the animals in relation to the experimental require- 
ments. A first series of measurements, defined as 
M;, was done immediately before the discontinua- 
tion of treatment, i.e., on day 28, in 10 animals each 
from the control and the trandolapril-treated 
groups. The blood pressure of the remaining ani- 
mals was monitored weekly in a random sample of 
10 animals from each group selected at the begin- 
ning of the experiment. This operation was done 
during treatment and during 4 weeks after its 
withdrawal. When the blood pressure figures had 
reached values half-way between those measured 
at day 0 and those measured at day 28, a second 
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series of measurements, M>, was undertaken (on 
day 42, i.e., 2 weeks after treatment discontinua- 
tion) in 10 animals from each group. Finally, a 
third series of measurements, M3, was carried out 
when the blood pressure figures of the animals 
previously treated with the ACE inhibitor were no 
longer significantly different from those of the 
control group. This series of measurements was 
done on day 63, i.e., 5 weeks after treatment 
discontinuation. 

General measurements: [n conscious animals, 
the body weight, systolic blood pressure, and heart 
rate were monitored weekly in a population of 10 
animals chosen randomly from each group and 
numbered. These animals were killed at the end of 
the experiment, during the M; measurement pe- 
riod, i.e., 1 week after the last blood pressure 
measurement by the plethysmographic method.” 
During the M;, M>, and M; measurement periods, 
the following parameters were determined succes- 
sively each day in 1 animal from each group: 
intraarterial measurement of systolic, diastolic, 
and mean blood pressures in the femoral artery in 
the anesthetized animal; heart weight; passive and 
active vascular properties in a preparation of mes- 
enteric resistance arteries by means of an isometric 
myograph?>4; and vessel wall hypertrophy (for 
this, vascular samples were taken from various 
levels and then fixed for histologic examination). 

in vivo measurements: At the time of measure- 
ment (M;, Mo, or M3), animals were anesthetized 
with sodium pentobarbitone (45 mg/kg intraperito- 
neally; Clin-Midy, France). Blood pressure was 
measured at the left femoral artery level using a 
rigid catheter (Teflon, Denucath 3F; Plastimed) 
connected to a pressure transducer (RP 1500, 
Narco-Bio Systems). The signals from this pressure 
transducer were amplified and recorded in a poly- 
graphic recorder (Physiograph MK 3, Narco-Bio 
Systems). The systolic (SBP) and diastolic (DBP) 
blood pressures were determined from the femoral 
pressure tracing. The mean blood pressure (MBP, 
mm Hg) was calculated from the values of the 
systolic and diastolic pressure by the formula: 
MBP = [DBP + (SBP — DBP)/3]. The differen- 
tial pressure was calculated as (SBP — DBP). 

In vitro measurements: Immediately after 
blood pressure measurements, sections of mesen- 
teric resistance arteries were taken from the ani- 
mals for in vitro study of vascular function and 
histologic examination. A segment of homoge- 
neous diameter and 0.8-1 mm in length was sec- 
tioned from a second-order branch of the principal 
mesenteric artery. The segment was then mounted 
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in the isometric myograph. After mounting, vessels 
were kept in a Teflon-coated bath (20 mL) filled 
with a warmed (37°C) and oxygenated (5% CO; in 
O2) modified Ringer’s solution containing (in mM): 
NaCl, 119; KCl, 4.7; CaCl), 2.5; MgSO;,, 1.2; NaH- 
CO3, 25; KH2PQOu,, 1.2; EDTA, 0.026; glucose, 5.5, 
adjusted to pH 7.4. 

The passive properties of the preparations were 
determined after a period of stabilization of 45—60 
minutes following their mounting in the myograph, 
by performing extension curves, according to a 
previously published protocol.” For all the prepa- 
rations, the relation between the internal diameter 
and the parietal tension could be represented by an 
exponential type of curve with the following equa- 
tion: 


T = Tý X 1028P 


where T represents the wall tension (mN/mm); To 
(mN/mm) and B (um~') are constants; and D 
represents the internal diameter (um). 

From the equations of the extension curves 
determined for each of the preparations, mean 
curves were calculated by introducing into these 
equations theoretical internal diameter values, 
ranging from 100 um to 300 um in increments of 20 
um. The results of the compliance studies are 
therefore illustrated by these mean extension 
curves. The normalized internal diameter (NID, 
um) was defined for each preparation from the 
experimental data by the intersection of the exten- 
sion curve with Laplace’s straight isobar with, for 
the slope, a pressure of 100 mm Hg.*74> 

In a second set of experiments, preparations 
were set up at 0.9 x NID and the active contractile 
properties of the vessels were then investigated by 
constructing a concentration—contractile relation 
in response to norepinephrine in the presence of 
cocaine 3 pM. From this preparation 2 parameters 
were determined: the ECs (in uM, the concentra- 
tion of norepinephrine causing a half-maximal 
response), and the effective active pressure (EAP, 
kPa), the intraluminal pressure that the arterial 
segment can oppose at the maximum response.**> 
The EAP is calculated from Laplace’s law by the 
formula: 


EAP = T/r 


where 7 (mN/mm) is the active tension measured 
during the maximum contractile response and r is 
the normalized radius, i.e., (0.9 x NID)/2 (mm). 
Cardiac and vascular morphologic parame- 
ters: From the heart weight, the ratio of heart 
weight to body weight (mg/g) was then calculated 
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and used as an index of cardiac hypertrophy. 
Following the cardiac sample, vascular samples 
were taken from each animal from the aortic arch, 
femoral artery, and mesenteric resistance artery. In 
this latter case, vessel was removed from an area as 
close as possible to that from which the vessel used 
for the functional study had been taken. After 
rinsing with physiologic saline solution, the sam- 
ples were fixed for 24 hours in a fixative solution 
containing 4% paraformaldehyde and 2.5% glutar- 
aldehyde in a 0.68 M phosphate buffer. At the end 
of this fixation period, the samples were then 
stored in a phosphate-buffered saline (Mérieux, 
France) containing 2.5% glutaraldehyde. For the 
histomorphometric study, samples were postfixed 
in 1% osmium tetroxide in phosphate buffer, dehy- 
drated in increasing concentrations of ethanol, and 
coated longitudinally in Epon 812 resin. Sections 
were then taken from the samples with a glass knife 
(Ultrotome III; LKB). Sections of 1 pm thickness 
comprising the entire circumference of the prepa- 
rations were mounted on glass slides for morpho- 
metric analysis with a light microscope. 

Measurements were taken by means of an 
image processor (IBAS; Zeiss-Kontron), creating 
automatic segmentations of the media under oper- 
ator control. A notional mean diameter of the 
vessels was calculated at a 4-fold magnification by 
measuring the diameters defined by the internal 
and external elastic laminae respectively and calcu- 
lating the mean. The thickness was defined as the 
ratio between the surface of a sector of media and 
the length of the mean arc of this sector. The mean 
thickness of the complete media was converted to a 
10-fold magnification by measuring the respective 
thicknesses of 4 sectors of media.?® 

Statistics: All values reported in the figures 
and tables are expressed as means + standard 
error of the mean. For each parameter, a 2-way 
analysis of variance was performed using the Super- 
ANOVA software (Abacus Concept, USA), the 
first factor being the period and the second being 
treatment. The significance of any differences is 
indicated in the tables by giving the values of 
p-treatment and p-age. When a significant p-treat- 
ment value was obtained, a comparison of the 
values measured at a given age in the 3 groups was 
performed by means of a post hoc Student- 
Newman-Keuls’ test. When the level of p-interac- 
tion was significant, indicating that the animals 
reacted differently to treatment in the successive 
measurement period, a Student’s ¢ test was applied 
to the data from a given period, comparing treated 
versus control rats. 
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TABLE I General and Hemodynamic Parameters in the Control and Trandolapril-Treated Rats at the Three Measurement Periods in 


Anesthetized Animals 
Period 
M2 
Body weight (g) 


E 354 + 10 (10) 
T 357 +6 (10) 


372 + 10 (10) 
373 +6 (10) 


MBP (mm Hg) 


C 192+5 (10) 

T 157 + 5* (10) 
Diff.BP (mm Hg) 

C 64 +3 (10) 

T 54 + 4t (10) 
HR (beats/min) 

C 358 + 7 (10) 

aT 372 +8 (10) 


*p <0.001; tp <0.01. 


193 +5 (10) 
179+7 (8) 


66+4 (10) 
54+ 2t (8) 


348 +8 (10) 
360+ 11 (8) 


ANOVA 


p-Period p-Treatment p-Interaction 


382 + 12 19) 


(9) 


(10) <0.001 
(10) 


(10) 
(10) 


(10) 


361 + 16 (10) 


Values are mean + SEM; number of rats in parentheses. Two-way analysis of variance was used to determine significance of effects of period, treatment, and interaction. At a given 
period, the Student-Newman-Keuls’ test was used to determine significance of differences between groups, except for MBP, where groups were compared using Student's t test. 
C = control group; Diff.BP = differential blood pressure (SBP — DBP); HR = heart rate; MBP = mean blood pressure; T = trandolapril-treated group. 





RESULTS 

Effects of treatment on general and hemody- 
namic parameters: T able I shows that body weight 
was not affected by ACE inhibitor treatment. 
Concerning systolic blood pressure measured in 
conscious animals, Figure 1 shows that trandolapril 
induced an early significant decrease (approximate- 
ly 12%) of this parameter in the treated group at 
the end of the first week of dosing and that this 
effect remained present during the treatment pe- 
riod. When treatment was withdrawn, blood pres- 
sure progressively increased but still remained 
significantly lower, compared with controls, for at 
least 4 weeks after treatment discontinuation. Ta- 
ble I shows that mean blood pressure measured in 
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FIGURE 1. Evolution of systolic blood pressure in awake 
control (W) and trandolapril-treated ((_|) animals. Values 
are expressed as mean + standard error of the mean. Bar 
indicates treatment period. Values significantly different 
from controls: *p <0.05; **p <0.01; ***p <0.001. Sepa- 
rate points at 9 weeks indicate values of systolic blood 
pressure measured in anesthetized animals (M3). 


anesthetized animals was significantly decreased 
during trandolapril treatment (—18%) and up to 
the M; period (—7%, i.e., a value halfway between 
the values at the M; and M; periods). Moreover, 
the evolution of this parameter observed with aging 
(by measurement period, p <0.001) was also signif- 
icantly affected by treatment (p-interaction, 
p <0.05). Differential blood pressure was also 
significantly decreased by trandolapril at the M; 
and M; periods (—15% and —18%, respectively), 
whereas heart rate was not modified during the 
entire investigation period. 

Effects of treatment on functional vascular 
parameters: For passive vascular properties, Fig- 
ure 2 shows the evolution of the extension curves 
obtained at the 3 measurement periods. At the end 
of the treatment, trandolapril induced a significant 
shift of the extension curve to the right, compared 
with that of control. This effect disappeared 2 
weeks after treatment withdrawal, as evidenced by 
the absence of displacement of the treated com- 
pared with the control curves. Further, a reverse 
situation was observed at the M; period, where the 
extension curve of arteries taken from previously 
trandolapril-treated animals were positioned to 
the left of the control curve. The treatment- 
induced variations in NID, as shown in Table II, 
confirmed this evolution. ANOVA showed that 
treatment induced no significant change in NID 
along the measurement period (p-treatment, differ- 
ence not significant) but significantly modified its 
evolution as a function of time (p-interaction, 
p <0.01). This was due to an increase of this 
parameter at period M; (+22%, p <0.05, Stu- 
dent’s ¢ test), no difference at period M,, and a 
decrease at period M; (—12%, p <0.05, Student’s 
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FIGURE 2. Passive extension curves of control (W) and L. 100 mm Hg 
trandolapril-treated (_|) spontaneously hypertensive rat 
mesenteric resistance arteries at the M, period (after 4 
weeks of treatment, A), at the M, period (2 weeks after 
treatment discontinuation, B), and at the M, period (5 
weeks after treatment discontinuation, C). Values are ex- 
pressed as mean + standard error of the mean. L.100 mm 
Hg is the Laplace isobar, linking wall tension to internal 
diameter for an intraluminal pressure of 100 mm Hg. Inter- 
section of the isobar with the extension curves deter- 
mines the normalized internal diameter (see Methods for 
detalis). Values significantly different from controls: 
*p <0.05. 
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t test). Concerning ECs» values, Table II shows that tive active pressure was observed at the end of the 
sensitivity to norepinephrine was not modified by treatment (M;, —26%) and persisted for up to 2 
treatment. Finally, a significant reduction of effec- weeks after treatment withdrawal (M>, — 17%). 


TABLE II Functional Vascular Parameters in the Control and Trandolapril-Treated Rats at the Three Measurement Periods 


Period ANOVA 


M3 p-Period p-Treatment p-Interaction 


NID (um) 
C 246 + 17. (10) 272+7 (10) 274+x9 (10) 
T 300 + 17* (10) CAS + T3* (8) 241 + 10* (10) 
ECs (uM) 
C 0.51+0.06 (7) 0.46 + 0.07 (7) 0.42 + 0.05 (9) 


ij 0.47 + 0.09 (9) 0.51 + 0.09 (8) 0.40 + 0.04 (10) 


EAP (kPa) 
C 8271 = OF 4.) BEJE +3.1. 46) SEG 23.0. (6) 
T 23.6 + LOF (9) 27.0.21.7% (8) 2titix 2.3. (8) 
*p <0.05; tp <0.001; tp <0.01. 
Values are mean + SEM; number of rats in parentheses. Two-way analysis of variance was used to determine significance of effects of period, treatment, and interaction. At a given 


period, the Student-Newman-Keuls’ test was used to determine significance of differences between groups, except for NID, where groups were compared using Student's t test. 
C = control group; EAP = effective active pressure; ECso = effective concentration 50 of norepinephrine; NID = normalized internal diameter; T = trandolapril-treated group. 
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TABLE Ili Cardiac and Vascular Morphological Parameters in the Control and Trandolapril-Treated Rats at the Three Measurement 


Periods 
Period 


M2 


HW/BW (mg/g) 
C 3.55+0.10 (9) 
T 3.24 + 0.06* (9) 


AMT (um) 
C 


3.53 2.01 ATO) 
3.38 + 0.07ł (8) 


103.8+2.2 (10) 
T O2 TET (9) 
FMT (um) 
C 72.3 + 2.0 (9) 
T 63.9+2.7t (9) 
RAMT (um) 
C ND 
T ND 


*p <0.01; łp <0.05; łp <0.001. 


106.6 + 1.9 (10) 
95.9 + 1.2ł (8) 


67.6 + 1.9 (9) 
60.9+2.0t (6) 


154+0.9 (8) 
15.1 + 0.8 (6) 


ANOVA 


p-Period p-Treatment p-Interaction 


3.54+0.05 (10) 
3.38 + 0.04* (10) 


107.8 + 1.2 
102.6 + 2.5 


(10) 
(10) 


71.3 £2, . (1) 
Pi. ft. Eo (8) 


17.4 20.7. 430) 
16.2 + 1.0 (7) 


Values are mean + SEM; number of rats in parentheses. Two-way analysis of variance was used to determine significance of effects of period, treatment, and interaction. At a given 
period, post hoc Student-Newman-Keuls’ test was used to determine significance of differences between groups. 
AMT = aortic media thickness; C = control group; FMT = femoral media thickness; HW/BW = heart weight-to-body weight ratio; ND = not determined; RAMT = resistance artery 


media thickness; T = trandolapril-treated group. 


Effects of treatment on cardiac and vascular 
morphological parameters: Table III shows the 
effects of trandolapril on cardiac and vascular 
hypertrophy. Cardiae hypertrophy, measured as 
heart weight-to-body weight ratio, was significantly 
reduced and remained so over the complete period 
of investigation (reductions of 9, 4, and 4% for the 
M;, Mo, and M; periods, respectively). Aortic wall 
and femoral wall thicknesses were also significantly 
reduced at the end of the treatment (—11% 
and —12%, respectively) and 2 weeks after its 
withdrawal (—10% for both), but this effect had 
completely disappeared 3 weeks later (M; period). 
No effect due to treatment was observed at the 
mesenteric resistance artery level at the M3 or M3 
periods. 


DISCUSSION 

Several studies have confirmed that the SHR 
exhibits a certain number of physiopathologic fea- 
tures in common with those observed in human 
hypertension, particularly as regards cardiac and 
vessel wall hypertrophy.*?’°" In the established 
phase of hypertension, which occurs in the SHR at 
about 20 weeks of age, the progression in the 
hemodynamic changes and the morphologic and 
functional changes of the cardiovascular effectors 
is very much slower than during the prehypertensive 
phase.' +7 In this context, administering drugs to 
SHRs during the established phase represents a 
good model of the clinical situation, where patients 
undergo treatment when they are already hyperten- 
sive. Since it is now largely conceded that normal- 
ization of structural cardiovascular changes is an 
important therapeutic goal in antihypertensive strat- 
egy, it therefore appears important to define the 





extent to which a new antihypertensive drug is 
likely to interfere with these physiopathologic pro- 
cesses and even to reverse them. 

Thus, the present study was carried out to 
examine the effects on blood pressure, cardiac 
hypertrophy, and functional and morphologic vas- 
cular properties of trandolapril, when this agent is 
administered in a short-term treatment in the SHR 
in the established phase of hypertension. 

The dosage used in this study—0.4 mg/kg/day— 
was chosen to reduce blood pressure moderately. 
Thus, the reduction obtained at the end of treat- 
ment (M, period, Table I) was 18%, an effect that 
was similar to that achieved under similar experi- 
mental conditions in a previous experiment.*! When 
treatment was withdrawn, blood pressure in- 
creased quickly during the first 2 weeks, but pla- 
teaued thereafter, at a level that remained signifi- 
cantly lower compared with control levels up to 4 
weeks after this period. It finally reached control 
level 5 weeks after treatment discontinuation. These 
results are in agreement with previous observa- 
tions, which reported that the persistence of the 
blood pressure lowering effects of the ACE inhibi- 
tor perindopril after treatment withdrawal is of 
relatively short duration, when administered in 
adult (20-24 weeks old) SHRs!® or in stroke-prone 
SHRs (6-10 months old).!? Concerning differential 
blood pressure (SBP — DBP), which may be consid- 
ered as an index of the damping property of aorta 
and large conduit arteries, this parameter was 
reduced during treatment with trandolapril and for 
2 weeks after treatment withdrawal. Since cardiac 
output is not modified by ACE inhibitors, !®183! it is 
likely that this reduction of pulse pressure is 
merely related to a vascular effect, due to an 
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increase of large arteries compliance by the drug. 
This effect has also been reported with this drug in 
hypertensive patients** and with other ACE inhibi- 
tors, either in animals? or in healthy volun- 
teers,**+> as well as in patients with hypertension*® 
or cardiac insufficiency.’ 

Heart rate was not modified by trandolapril, as 
is now well established in experiments with drugs 
belonging to this pharmacologic group.!*3:!8 

Concerning functional vascular parameters, tran- 
dolapril treatment induced a significant increase in 
the normalized internal diameter of the mesenteric 
resistance arteries. This effect has already been 
observed in previous studies in which ACE inhibi- 
tors were administered to young rats to prevent 
development of genetic hypertension.!™!416 Since 
media thickness was not measured in our study just 
before treatment cessation, it is difficult to deter- 
mine if this effect was due to a decreased media 
thickness or a change in the intrinsic elastic proper- 
ties of the vessel wall. However, it has been 
proposed from previous experiments that treat- 
ment with ACE inhibitors decreases the wall-to- 
lumen ratio by a decrease in wall thickness and an 
increase in lumen, with no concomitant change in 
the media cross-section area.'*'4 It must be pointed 
out that this effect did not persist after treatment 
withdrawal, but even showed a tendency to reverse 
at the M; period, when blood pressure levels of the 
2 groups were not significantly different. This 
would indicate that the lumen of arteries from 
animals previously treated with trandolapril had 
reversed to a lower value. At the present time, we 
cannot speculate on the cause of this effect. 

In terms of sensitivity to pressor substances, the 
absence of significant change of ECs, values for 
norepinephrine suggests that trandolapril treat- 
ment does not alter the sensitivity of mesenteric 
resistance arteries to this substance, in accord with 
results obtained in other studies after ACE inhibi- 
tion in young SHRs.!*:!3'© On the contrary, the 
contractile ability of the arteries was decreased 
during treatment and 2 weeks following its with- 
drawal, as evidenced by the reduction in the 
effective active pressure at the M; and M, periods. 
This phenomenon, which has already been ob- 
served in previous experiments with other various 
agonists, !*:!4,!5.58 is likely to be due to an increase 
in the wall-to-lumen ratio of the SHR arteries and 
a subsequent reduction of the geometric hyper- 
reactivity. 

Finally, when considering the cardiac and vascu- 
lar morphologic parameters, our results show that 
a short 1-month period of treatment with trandola- 


pril was sufficient to cause regression of the hyper- 


trophy present at the cardiac and vascular levels in 
the SHRs. The more long-lasting effect was ob- 
served for the heart, where a significant 4.5% 
decrease in heart weight to body weight ratio was 
still present when effects on blood pressure had 
subsided. The vascular effects appeared to be more 
transient than the cardiac: aorta and femoral wall 
thicknesses were significantly reduced only during 
treatment and 2 weeks after its cessation; as for the 
wall thickness of resistance arteries, no significant 
reduction was observed, at least during the period 
following treatment withdrawal. These results sug- 
gest that the heart is more susceptible than arteries 
to the hypertrophy-reducing effects of trandolapril. 
Moreover, these effects appear to be more marked 
in the conduit as opposed to the resistance arteries. 
An explanation of this latter observation could be 
that large arteries undergo mainly smooth muscle 
cell hypertrophy and polyploidy, whereas cell 
hyperplasia is observed at the resistance artery 
level.°? Since it has been shown that ACE inhibi- 
tors can effectively reduce smooth muscle cell 
hypertrophy and polyploidy,” a greater reduction 
of media thickness could be expected in large as 
opposed to resistance arteries. 

Altogether, these results show that trandolapril, 
administered for 1 month to SHRs in their phase of 
established hypertension, is able to reverse the 
morphologic alterations observed in the conduit 
and resistance arteries. These morphologic changes 
are responsible for functional changes, namely, 
improvement of compliance, which leads to a 
reduction of pulse pressure and decrease in contrac- 
tility, thus leading to an in vivo reduction of 
geometric hyperreactivity. However, our data show 
that these changes are short-lasting (approximately 
1 month) when administered in the established 
phase of hypertension to adult SHRs, compared 
with the much longer lasting effects (up to 4-5 
months) observed after withdrawal of ACE inhibi- 
tor treatment when this was initiated in young 
SHRs to prevent the development of genetic hyper- 
tension.!™1618 Thus, our results confirm previous 
observations showing that when ACE inhibitor 
treatment is instituted in the presence of estab- 
lished vascular morphologic alterations in the SHR, 
significant long-term effects, either on blood pres- 
sure levels or on regression of cardiovascular 
changes, are much more difficult to obtain.!>168 
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Beneficial Effects of Trandolapril on 
Experimentally Induced Congestive Heart 
Failure in Rats 


Paul Fornes, MD, Christine Richer, PhD, Eric Pussard, PhD, Didier Heudes, MD, 
Valerie Domergue, Jean-Francois Giudicelli, MD, PhD 


Angiotensin-converting enzyme (ACE) inhibitors 
have been shown to prolong life expectancy in 
patients with congestive heart failure. In order to 
determine the relative contributions of the differ- 
ent factors involved in this beneficial effect, we 
investigated in an experimental model of postin- 
farction cardiac insufficiency in the rat over a 
9—12-month period (1) the kinetics of the devel- 
opment of the hemodynamic, biologic, and mor- 
phologic alterations that accompany heart fail- 
ure, and (2) the kinetics of the effects of a new, 
long-acting ACE inhibitor, trandolapril. Following 
induction of infarction, systolic blood pressure, 
left ventricular dP/dt, and end-diastolic pressure 
were immediately decreased, decreased, and 
increased, respectively, and these modifications 
persisted throughout the study. Cardiac index, on 
the other hand, was only initially and transiently 
decreased. Cardiac remodeling (left ventricular 
dilation, myocardial hypertrophy, and fibrosis) 
occurred as early as 7 days after infarction and 
worsened throughout the study. Plasma atrial 
natriuretic factor (ANF) and urinary cyclic 
guanosine monophosphate (cGMP) were also in- 
creased. In this model, a 1-year oral treatment 
with trandolapril resulted in early hemodynamic 
and biologic beneficial effects (reductions in pre- 
and afterload, increase in cardiac index, and de- 
crease in plasma ANF), and in a delayed reversal 
of the infarction-induced cardiac morphologic 
alterations. Hence, the trandolapril-induced in- 
crease in survival rate is due initially to the drug’s 
hemodynamic effects and over the long-term to 
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both its hemodynamic and cardiac morphologic 
(limitation of remodeling) effects. 
(Am J Cardiol 1992;70:43D—51D) 


ngiotensin-converting enzyme (ACE) in- 
Annies have been shown to prolong life 

expectancy in patients with congestive heart 
failure,' but also in rats with postinfarction conges- 
tive cardiac insufficiency,*> an experimental model 
widely used to investigate the effects of pharmaco- 
logic interventions. In this experimental model, the 
hemodynamic,°? hormonal,! and morphologic!!:! 
alterations have been independently investigated. 
However, their kinetics are not known, their rela- 
tions remain speculative, and their relative contri- 
butions to mortality have not yet been elucidated. 
Therefore, the present study was undertaken in 
order to (1) establish the kinetics of the hemody- 
namic, hormonal, and morphologic modifications 
that occur during the development of postinfarc- 
tion congestive heart failure in rats, and (2) investi- 
gate the effects of trandolapril, a new, long-acting 
ACE inhibitor, on these kinetics, in order to 
determine the factors through which these drugs 
work to prolong survival. 


METHODS 

General: Ligation of the left coronary artery 
was performed in 10-week-old male Wistar rats, as 
previously described.®*!° At 7 days after surgery, the 
surviving rats with electrocardiographic signs of 
myocardial infarction (MI) were housed 5 per 
cage, fed ad libitum with standard diet, and had 
free access to tap water. Sham-operated (S) male 
Wistar rats, aged 10 weeks, were also used and 
housed in identical conditions. All experiments 
were performed in accordance with the official 
regulations of the French Ministry of Agriculture. 

Experimental protocols: Two distinct proto- 
cols were performed. 
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PROTOCOL 1: MI and S rats were randomly 
divided into 5 different subgroups and killed 7 days 
(shown as 0 month in the figures, n = 9 and 10, 
respectively), and 1 (n = 14 and 15), 3 (n = 16 and 
15), 6 (n = 22 and 15), and 9 (n = 37 and 20) 
months after surgery. 

At each time point (0, 1, 3, 6, and 9 months) all 
surviving S and MI rats were weighed and their 
systolic blood pressure and heart rate measured in 
the conscious state using a tail cuff and a photoelec- 
tric pulse detector (PC, model 139 HTC, Wood- 
land Hills, CA). Smaller samples (n = 6-15) of S 
and MI rats were randomly selected and placed in 
metabolic cages in order to collect 12-hour urine 
for diuresis and urinary cyclic guanosine monophos- 
phate (cGMP) determination ({!*I]cGMP assay, 
Amersham, UK). 

Following these hemodynamic and metabolic 
determinations at 0, 1, 3,6, and 9 months, MI and S 
rats were anesthetized with pentobarbital (50 mg/ 
kg, 0.1 mL/100 g, intraperitoneally). Catheters 
were placed in the right femoral artery and in both 
carotid arteries. The right carotid catheter was 
advanced into the left ventricle and baseline values 
of systolic, diastolic, and left ventricular end- 
diastolic pressures (Gould DC amplifier 13- 
4615-10 model, Gould Instruments, Cleveland, 
OH), dP/dt (Gould differentiator 13-4615-71 mod- 
el), and heart rate (Gould Biotach 13-4615-66 
model) were recorded on a multichannel Gould 
polygraph (model 6610-06). Radioactive micro- 
spheres ('4!Ce, 15 + 3 um) were diluted in 20% 
dextran solution, ultrasonically shaken, and in- 
jected into the left ventricle (60,000—80,000 spheres) 
over 10 seconds in order to determine cardiac 
index. A reference blood sample (0.7 mL/min for 
90 sec) was withdrawn from the right femoral 
catheter (Harvard pump, model 901, South Natick, 
MA). Total radioactivity injected and radioactivity 
of the reference blood sample were determined in 
a gamma counter (Compugamma 1280 LKB, Turku, 
Finland). 

Cardiac index was calculated as: 


Reference blood sample withdrawal rate 
x total radioactivity injected 


Reference blood sample radioactivity 
x body weight 


Total peripheral resistance was obtained by divid- 
ing mean arterial pressure by the cardiac index. 

At the end of the experiments, a blood sample 
was collected into ethylene diaminetetraacetic acid 
(EDTA) plus aprotinin in order to determine 
plasma atrial natriuretic factor (ANF; human a 


ANF assay, Amersham, UK). Then the animals 
were killed and the heart and aorta were immedi- 
ately excised, cleaned, and weighed fresh. 

After fixation, both ventricles were cut into 4, 
2-mm thick transversal slices, and 1 3-ym thick 
section was obtained from each slice and stained 
with Sirius red. Infarct size was expressed as the 
ratio of scar length to the sum of the epicardial and 
endocardial circumferences. Subendocardial and 
subepicardial collagen densities were evaluated in 
the viable ventricular wall of the 4 ventricular slices 
at a 250 x magnification from 40 fields (10/slice) 
in the endocardium and in the epicardium. 

After fixation, longitudinal and transverse spec- 
imens were obtained from each aorta and 3 3-um 
thick sections were cut from each specimen, 
mounted on glass slides, and treated by specific 
staining: orcein for elastin, Sirius red for collagen, 
and hematoxylin after periodic oxidation for nuclei 
analysis. 

Media thickness (between the internal and exter- 
nal elastic laminae, 4 x magnification), smooth 
muscle cell cross-sectional area, and collagen den- 
sity (250 x magnification, 8 randomly selected 
fields) were determined on the transverse sections. 
Aortic nuclear density (250 x magnification) was 
determined in 8 randomly selected fields from the 
longitudinal section. 

Computer-assisted morphometry was performed 
using a Nachet 15000 automatiċ analyzer (Nachet; 
Evry, France) connected to a microcomputer. 

In the 2 subgroups of MI and S rats that were 
sacrificed 9 months after surgery, the date of death 
of the spontaneously deceased animals was re- 
corded in order to calculate survival rate. The 
surviving MI and S rats were killed and the heart 
and aorta removed, weighed, and treated as previ- 
ously described. | 

PROTOCOL 2: At month 0 (7 days after surgery), 
rats with electrocardiographic signs of MI (n = 58) 
were randomly assigned to MI controls (n = 28) 
and MI trandolapril (n = 28). Trandolapril (0.1 
mg/kg/day) treatment was administered in the 
drinking water and lasted for 1 year. 

Cages were inspected daily for dead animals, 
from which the heart and aorta were removed, 
weighed, and used for morphometric measure- 
ments (infarct size, subendocardial collagen, aortic 
media thickness, aortic collagen density). Systolic 
blood pressure, heart rate, and body weight were 
measured as previously described in all surviving 
conscious animals at 1, 3, 6, 9, and 12 months after 
starting the protocol. Diuresis was also measured 
in 8 randomly selected animals from each group. 
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SYSTOLIC BLOOD PRESSURE 


FIGURE 1. Mean values (+ SEM) 
of systolic blood pressure, heart 


rate, body weight, and diuresis 
determined at 0, 1, 3, 6, and 9 
months in surviving sham oper- 
ated (S, open bars) and myocar- 
dial infarction (MI, filled bars) 
rats. Value significantly different 
from the corresponding S value: 
*p <0.05 or better. 


At the end of the study, i.e., 12 months after 
starting the treatment, hemodynamic measure- 
ments (systolic and diastolic blood pressures, heart 
rate and cardiac output; radioactive microspheres 
technique) and plasma ANF determinations were 
performed in 4 control and 5 trandolapril-treated 
rats, randomly selected among the surviving ani- 
mals of these 2 groups (n = 8 and 11, respectively). 

Statistical analysis: All reported values are 
given as mean + standard error of the mean. 

In protocol 1, for all parameters measured in 
conscious and killed S and MI animals, a 2-way 
analysis of variance was performed, testing the 
effects due to cardiac insufficiency, time, and the 
interaction between disease and time. Correlations 
were investigated (1) in spontaneously deceased 
MI rats, between survival duration and cardiac 
morphologic parameters, and (2) in killed MI rats 


MEAN ARTERIAL PRESSURE 


FIGURE 2. Mean values (+ SEM) 
of mean arterial pressure, heart 
rate, cardiac index, and total pe- 
ripheral resistance determined at 
0, 1, 3, 6, and 9 months in the 
anesthetized sham operated (S, 
open bars) and myocardial infarc- 
tion (MI, filled bars) rats just be- 
fore sacrifice. Value significantly 
different from the corresponding 
S value: *p <0.05 or better. 
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between hemodynamic and cardiac morphologic 
parameters. 

In protocol 2, histomorphologic parameters from 
spontaneously deceased animals were pooled into 
4 groups, based on their deaths occurring in the 
0-3, 3-6, 6-9, and 9-12 months following coronary 
ligation. 

For all of the investigated biologic, hemody- 
namic, or histomorphologic parameters, the effects 
of trandolapril were assessed using a 1-way analysis 
of variance. 


RESULTS 

Protocol 1: SURVIVAL: In the subgroup of MI 
rats that was followed for 9 months, the spontane- 
ous deaths recorded allowed the calculation of a 
median survival time of 235 days.° In the subgroup 
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of 75 S rats no death occurred over the 9-month 
observation period. 

HEMODYNAMIC PARAMETERS: Figure 1 com- 
pares systolic blood pressure, heart rate, body 
weight, and diuresis in MI and S rats. As can be 
seen, body weight was always significantly lower in 
MI than in S rats (deficit of 8-12%), and up to 6 
months, systolic blood pressure was also signifi- 
cantly lower in MI than in S rats. Regarding 
systolic blood pressure, there was an interaction 
between cardiac insufficiency and time, and the 
significant difference between MI and S rats pro- 
gressively decreased with time. Heart rate and 
diuresis were identical in MI and S rats throughout 
the study. 

Figure 2 illustrates the evolution with time of 
mean arterial pressure, heart rate, cardiac index, 
and total peripheral resistance in MI and S rats. 
Mean arterial pressure increased with age in both 
groups but always remained lower in MI than in S 
rats and significantly so at 6 and 9 months. Heart 
rate values were identical in MI and S rats. Cardiac 
index values decreased with age in both S and MI 
rats and were significantly lower in MI rats at 1 
month only. Total peripheral resistance values 
increased progressively with age in both groups 
and were never significantly different from each 
other. 

Figure 3 illustrates the evolution with time of 
left ventricular dP/dt, left ventricular end-diastolic 
pressure, urinary cGMP, and plasma ANF. The 
dP/dt values were always lower in MI than in S rats 
and significantly so at 1 and 6 months, whereas left 
ventricular end-diastolic pressure values were at all 
ages greater in MI than in S rats and significantly so 
at 3 and 6 months. 
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BIOLOGIC PARAMETERS: Urinary cGMP values 
decreased with age in both groups but were always 
significantly higher in MI than in S rats. Plasma 
ANF was significantly higher in MI than in S rats at 
3 and 6 months but no longer so at 9 months 
(Figure 3). For both urinary cGMP and plasma 
ANF, there was a significant interaction between 
disease and age. 

MORPHOLOGIC PARAMETERS: Mean value of in- 
farct size calculated in all spontaneously deceased 
or killed MI rats was 38 + 1%, and there was no 
significant difference between the 5 subgroups. 

Figure 4 illustrates the evolution with time of 
the cardiac histomorphologic parameters in killed 
animals. Heart weight and heart weight/body 
weight ratio increased and decreased, respectively, 
with age in both groups. The heart weight/body 
weight ratio was negatively correlated with age in 
both killed MI (y = —0.00375x + 3.91; r = 0.441; 
p <0.001) and S (y = —0.00309% + 2.74; r = 0.790; 
p <0.001) rats. In addition, there was no signifi- 
cant interaction between time and disease for 
heart weight and heart weight/body weight ratio. 
Left ventricular cavity area was significantly greater 
in MI than in S rats throughout the study, thus 
indicating ventricular dilation. Myocardial colla- 
gen density was significantly greater in MI than in S 
rats, and more markedly so in the endocardium 
than in the epicardium (not shown). Regarding left 
ventricular cavity area and subendocardial colla- 
gen density, there was a significant interaction 
between age and disease. 

Figure 5 illustrates the evolution with time of 
the aortic morphologic parameters. For none of 
them was there a significant difference between MI 
and S rats. Aortic media thickness and smooth 


FIGURE 3. Mean values (+ SEM) 
of dP/dt, left ventricular end-di- 
astolic pressure (LVEDP), urinary 
cyclic guanosine monophosphate 
(cGMP), and plasma atrial natri- 
uretic factor (ANF) determined at 
regular intervals in anesthetized 
sham-operated (S, open bars) 
and myocardial infarction (MI, 
filled bars) rats. Value signifi- 
cantly different from the corre- 
sponding S value: *p <0.05 or 
better. 
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HEART WEIGHT 


FIGURE 4. Mean values (+ SEM) 
of heart weight, heart weight to 
body weight ratio, left ventricular 
cavity area, and subendocardial 
collagen density determined af- 0 s 
ter sacrifice at 0, 1, 3, 6, and 9 
months in sham operated (S, 
open bars) and myocardial infarc- 
tion (Mi, filled bars) rats. Value 
significantly different from the 
corresponding S value: *p <0.05 
or better. 


muscle cell cross-sectional area increased with age 
in both groups, whereas aortic nuclear density and 
collagen density decreased with age. 

CORRELATIONS BETWEEN SURVIVAL DURATION 
AND HEMODYNAMIC AND CARDIAC HISTOMORPHO- 
LOGIC PARAMETERS: In spontaneously deceased 
animals, there was a significant negative correla- 
tion between infarct size and survival duration 
(r = 0.536; p <0.01) and between heart weight/ 
body weight ratio and survival duration (y = 
—0.0065x + 5.44; r = 0.569; p <0.001). 

In MI animals that were killed, larger infarcts 
were associated with greater left ventricular end- 
diastolic pressure values (r = 0.330; p <0.05). In 
addition, left ventricular end-diastolic pressure 
was positively correlated with heart weight (r = 
0.557; p <0.001), and subendocardial (r = 0.449; 


AORTIC MEDIA THICKNESS 


FIGURE 5. Mean values (+ SEM) 
of aortic media thickness, aortic 
nuclear density, aortic collagen 
density, and aortic smooth mus- 
cle cell cross-sectional area de- 
termined after sacrifice at 3, 6, 
and 9 months in sham operated 
(S, open bars) and myocardial 
infarction (MI, filled bars) rats. 
Value significantly different from 
the corresponding S value: 

*p <0.05 or better. 
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p <0.001), but 
sity. 

Protocol 2: SURVIVAL: Trandolapril signifi- 
cantly improved survival rate in MI rats during the 
initial 6-month period. For instance, the first spon- 
taneous death occurred after 4 and 134 days in 
control and in trandolapril-treated MI rats, respec- 
tively. Further, the delay after which 25% of the 
animals had spontaneously died was 119 and 227 
days in control and in trandolapril-treated MI rats, 
respectively. After 9 months, there was no longer 
any difference between the survival curves of con- 
trol and trandolapril-treated animals.’ 

HEMODYNAMIC AND BIOLOGIC PARAMETERS: 
Figure 6 shows that trandolapril significantly re- 
duced the age-related increase in body weight. 
Trandolapril induced an early reduction (approxi- 


not subepicardial, collagen den- 
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mately 12%) in systolic blood pressure that per- 
sisted up to 9 months. Heart rate was never 
drug-affected. Finally, trandolapril also induced an 
early, significant, and long-lasting increase in diure- 
sis (approximately 85%). 

Figure 7 shows that in the animals surviving at 
12 months after treatment initiation, trandolapril 
significantly increased cardiac index and decreased 
total peripheral resistance. Trandolapril also mark- 
edly and significantly reduced plasma ANF. 

MORPHOLOGIC PARAMETERS: Mean infarct sizes 
determined in control MI (34 + 2%) and in tran- 
dolapril-treated MI rats (38 + 2%) were not signif- 
icantly different. 

Trandolapril opposed the age-related increase 
in heart weight and decreased subendocardial 
collagen density throughout the study, but these 
effects were significant only after 6 months of 
treatment. Simultaneously, trandolapril slightly de- 
creased aortic media thickness and reduced aortic 
collagen density, significantly so after 6 months 
(Figure 8). 


DISCUSSION 

Development of postinfarction cardiac insuf- 
ficiency (protocol 1): Ligation of the left coronary 
artery in the rat rapidly causes a cardiac overload 
that progressively leads to the development of 
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chronic congestive cardiac insufficiency in the sur- 
viving animals. The latter is characterized by left 
ventricular dilation, an increase in ANF secretion, 
a deterioration of cardiac performance, and car- 
diac remodeling (myocardial hypertrophy and fibro- 
sis). In our 2 protocols, mean infarct size in control 
MI rats (spontaneously deceased plus killed ani- 
mals) was of similar magnitude (34-38%) and very 
near to that reported by Pfeffer et al.° As a result, 
the median survival time of control MI rats (235 
days) was virtually identical to that reported in the 
Pfeffer’s study (237 days).° Finally, our data con- 
firm that the larger the infarct size, the shorter the 
survival duration. 

In this experimental model, infarction-induced 
cardiac insufficiency results in a dilation of both the 
ventricular and atrial cardiac cavities, thus causing 
a strong increase in ANF secretion, which stimu- 
lates cGMP production. In our experiments, uri- 
nary cGMP excretion, a noninvasive marker of 
plasma cGMP and hence of heart failure,'” was 
strongly increased in MI rats compared with S rats. 
The evolution with time of plasma ANF and 
urinary CGMP values was comparable: after a 
strong initial increase in MI rats compared with S 
rats, the difference progressively waned. This was 
probably because the animals that survived the 
longest had the smallest infarcts and hence the 
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FIGURE 6. Mean values (+ SEM) of systolic blood pressure, heart rate, diuresis, and body weight determined at 1, 3, 6, 9, 
and 12 months in surviving control (filled bars) and trandolapril-treated (hatched bars) Mi rats. Value significantly differ- 
ent from the corresponding control value: *p <0.05 or better. 
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MEAN ARTERIAL PRESSURE 


FIGURE 7. Mean values (+ SEM) 
of mean arterial pressure, car- 
diac index, total peripheral resis- 
tance, and plasma atrial natri- 
uretic factor (ANF) determined at 
12 months in the anesthetized 
control (filled bars) and trandola- 
pril-treated (hatched bars) Mi 
rats before sacrifice. Value sig- 10 
nificantly different from the cor- 
responding control value: 

*p <0.05 or better. 0,8 


(mmHg.min.kg/ml) 


smallest degree of cardiac insufficiency. Diuresis 
was not significantly affected in MI rats, probably 
because of the release of ANF, which, by inhibiting 
aldosterone secretion, counteracts the water and 
sodium retention that occurs during decompen- 
sated heart failure. 

Induction of infarction led to an immediate and 
significant decrease in systolic blood pressure that 
progressively diminished and was no longer signifi- 


HEART WEIGHT 


FIGURE 8. Mean values (+ SEM) 
of heart weight, subendocardial 
collagen density, aortic media 
thickness, and aortic collagen 
density determined in control 
(filled bars) and trandolapril- 
treated (hatched bars) MI rats 
spontaneously deceased in the 
0—3, 3—6, 6—9, and 9—12 months. 
Note that no animal died sponta- 
neously during the 0—3 month 
period among the trandolapril- 
treated MI rats. Value signifi- 
cantly different from the corre- 
sponding control value: *p <0.05 
or better. 
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cant at 9 months. Different mechanisms are proba- 
bly involved in this phenomenon: the activation of 
peripheral pressor mechanisms and the compensa- 
tory hypertrophy of the viable left ventricle,”'* and 
the fact that the decrease in blood pressure is 
related to the infarct size, which is smaller in the 
animals that survive the longest.’ Cardiac index 
was only transiently decreased 1 month after coro- 
nary ligation and recovered thereafter, whereas 
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total peripheral resistance was never significantly 
affected in MI rats. In contrast, left ventricular 
dP/dt and end-diastolic pressure were strongly and 
often significantly decreased and increased, respec- 
tively, in MI rats compared with S rats throughout 
the experiment, indicating cardiac failure.’ 

From the histomorphologic point of view, it is 
well established that after MI the surviving myocar- 
dium undergoes an early hypertrophic process in 
an attempt to normalize wall stress. However, in 
the long-term, this ventricular remodeling progres- 
sively becomes inadequate to maintain a normal 
ventricular pump performance and to normalize 
myocytes and diastolic wall stress. Dilation of the 
ventricular chamber, inadequate mural thickening, 
and reduced oxygen delivery contribute to main- 
tain elevated myocardial and cellular loads, leading 
to progression of the disease.?!*!° Our data in 
control MI animals confirm (1) the dilation of the 
left ventricular cavity, a phenomenon that strongly 
worsened throughout the 9-month observation pe- 
riod, and (2) the hypertrophy of the whole heart, as 
shown by the larger increase of total heart weight 
in control MI rats compared with S rats throughout 
the study. The fact that the slope and intercept 
values of the age-heart weight/body weight ratio 
regression line were both greater in spontaneously 
deceased than in killed MI rats clearly demon- 
strates the deleterious role of cardiac hypertrophy. 
This is further confirmed by the existence of a 
positive correlation between heart weight and left 
ventricular end-diastolic pressure in our control 
MI rats. 

Induction of MI was also associated in our 
experiments with an increased collagen content of 
the viable left ventricle, and more especially so in 
the subendocardium. This accumulation of colla- 
gen, which results from both excessive workload 
and myocardial perfusion deficit, has been shown 
to decrease capillary density and to increase the 
diffusion distance for oxygen.'° Consequently, max- 
imum oxygenation capacity of myocardial tissue is 
further decreased,'! the occurrence of arrhythmias 
is augmented," and ultimately the risk of death is 
increased. The development of connective tissue 
also contributes to decreased ventricular compli- 
ance, a factor involved in elevated left ventricular 
end-diastolic pressure. Indeed, our results show a 
positive correlation between subendocardial colla- 
gen density and left ventricular end-diastolic pres- 
sure. Finally, it must be stressed that the cardiac 
remodeling process develops very rapidly in this 
experimental model, since left ventricular dilation, 
cardiac hypertrophy, and subendocardial fibrosis 


are significant as early as 7, 7, and 28 days, 
respectively, after coronary ligation. 

As might be expected, no major vascular mor- 
phologic change was observed in this experimental 
model of heart failure. Aortic media thickness and 
smooth muscle cell cross-sectional area increased 
with age in both MI and S rats. Aortic nuclear 
density progressively decreased. A slight hyperpla- 
sia was observed in MI rats compared with S rats, 
as evidenced by the greater nuclear density and the 
smaller smooth muscle cell cross-sectional area. 
Finally, collagen density was slightly but not signif- 
icantly increased in MI rats. 

Effects of trandolapril (protocol 2): Trandol- 
april-induced prolongation of survival? was accom- 
panied by an improved hemodynamic status in the 
treated compared with the control MI rats. Trandol- 
april significantly decreased systolic blood pressure 
and increased diuresis as soon as treatment was 
initiated, and this resulted in an improved cardiac 
performance, as evidenced by the increased car- 
diac index and the decreased plasma ANF values 
observed in the MI rats that survived up to 12 
months. Moreover, trandolapril opposed the cardio- 
vascular remodeling that usually occurs in MI rats. 
It strongly prevented the deleterious development 
of global cardiac hypertrophy, as shown by the 
reduction in heart weight, and opposed the devel- 
opment of cardiac fibrosis, as shown by the de- 
crease in subendocardial collagen density. These 
cardiac antihypertrophic and antifibrotic effects of 
trandolapril were delayed in their onset compared 
with the hemodynamic ones, for they were signifi- 
cant only at >6 months of treatment. However, 
once present, they clearly both contributed to the 
preservation of an adequate cardiac oxygenation, 
to an improved cardiac efficiency, and to the 
prolongation of survival. Similar antihypertrophic 
and antifibrotic properties were also observed with 
trandolapril at the vascular level, which most likely 
resulted in an improved aortic compliance and 
hence contributed to reduced mortality.° 

In conclusion, our study describes the kinetics of 
the hemodynamic, biologic, and morphologic 
changes that develop after ligation of the left 
coronary artery in rats and assesses their relative 
contributions to mortality. It points out that car- 
diac remodeling (hypertrophy and fibrosis) is an 
early occurring process that proves unable to re- 
store a normal cardiac function and that progres- 
sively leads to cardiac insufficiency. Trandolapril 
exerts beneficial effects on pre- and afterload and 
improves cardiac function. These early and long- 
lasting favorable hemodynamic effects, and later 
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the drug’s delayed antihypertrophic and antifi- 
brotic properties at both cardiac and vascular 
levels, appear to be responsible for the improved 
survival duration. 
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Reversal of Cardiac and Large Artery Structural 
Abnormalities Induced by Long-Term 
Antihypertensive Treatment with Trandolapril 


Nicola De Luca, mD, Giovanni Rosiello, MD, Fausto Lamenza, MD, Bruno Ricciardelll, MD, 
Raffaele Marchegiano, mD, Massimo Volpe, mp, Claudio Marelli, MD, and Bruno Trimarco, MD 


in 15 patients with untreated mild to moderate 


essential hypertension and left ventricular hyper- 
trophy, we assessed blood pressure, echocardio- 
graphic left ventricular mass index, brachial ar- 
tery compliance (pulsed doppler flowmetry), and 
calculated forearm vascular resistance (strain 
gauge plethysmography) before, during (6 and 12 
months) and after (1 month washout period) 1 
year of satisfactory (blood pressure <140/90 mm 
Hg) antihypertensive therapy with the angioten- 
sin-converting enzyme inhibitor trandolapril (2.0 
mg orally once daily). 

During the antihypertensive effective treat- 
ment, we observed a significant reduction of sys- 
tolic and diastolic blood pressures, left ventricu- 
lar mass index, and forearm vascular resistance 
at both 6 and 12 months. In addition, brachial ar- 
tery compliance was significantly increased. Af- 
ter washout, systolic (156 + 3 mm Hg) and dias- 
tolic (102 + 1 mm Hg) blood pressures returned 
to levels comparable to baseline. However, left 
ventricular mass index (132 + 4; p <0.01) and 
brachial artery compliance (1.53 + 0.01; p <0.01) 
were still different from baseline. These results 
demonstrate that chronic antihypertensive treat- 
ment with trandolapril is associated with a stable 
regression of cardiac and vascular abnormalities, 
which is partially unrelated to the blood pressure 
lowering effect. 

(Am J Cardiol 1992;70:52D—59D) 
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Ithough it has been demonstrated that 
Ate artery distensibility is impaired in 

essential hypertension ! and that the acute 
administration of different drugs, such as calcium 
antagonists or angiotensin-converting enzyme 
(ACE) inhibitors, is able to increase brachial artery 
diameter and compliance,? it is still unclear whether 
the long-term treatment with ACE inhibitors may 
reverse the structural vascular changes of large 
arteries in patients with essential hypertension. 
This issue is of great interest, since large artery 
compliance is a major determinant of hypertension- 
induced left ventricular (LV) hypertrophy, as dem- 
onstrated by the significant inverse relation existing 
between arterial compliance and LV mass/volume 
ratio, and cardiac function.’ For this reason, regres- 
sion of LV hypertrophy without improvement of 
large artery compliance may be responsible for the 
marked impairment of cardiac function that takes 
place after the withdrawal of the antihypertensive 
treatment, as demonstrated by Ferrario and cowork- 
erst in experimental studies. Conversely, uniform 
reversal of cardiac and arterial structural changes 
in hypertensive patients could account for our 
observation that therapy withdrawal in hyperten- 
sive patients in whom the regression of LV hyper- 
trophy has been obtained by long-term antihyper- 
tensive treatment with ACE inhibitors is not 
accompained by an impairment in cardiac func- 
tion.” Indeed, in a previous study in hypertensive 
patients,° we reported that a 6-month treatment 
with the ACE inhibitor enalapril induces a signifi- 
cant improvement in large artery compliance that 
persists after withdrawal of the pharmacologic 
treatment. 

Asmar and coworkers’ have recently reported 
that in patients with sustained essential hyperten- 
sion, a 3-month treatment with the ACE inhibitor 
perindopril increases brachial artery compliance 
and reduces LV mass. After withdrawal of the 
treatment, they observed a return of large artery 
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compliance toward baseline values, whereas LV 
mass remained decreased. This observation ap- 
pears to be in contrast with the possibility that 
long-term antihypertensive treatment with ACE 
inhibitors may reverse hypertension-induced struc- 
tural changes not only in the heart, but also in large 
arteries. 

To clarify this controversial issue further, in the 
present study we investigated the effects of long- 
term antihypertensive treatment with the new ACE 
inhibitor, trandolapril, on cardiac and vascular 
anatomy and function in hypertensive patients with 
LV hypertrophy. 


METHODS 

Patients: A study population of 21 patients 
with previously untreated mild-to-moderate essen- 
tial hypertension was recruited from the outpatient 
hypertension clinic of our Institute. They did not 
show any history or clinical evidence of coronary 
artery disease, diabetes mellitus, renal insuffi- 
ciency, or heart failure. No patient had electrocar- 
diographic signs of prior myocardial infarction. 
Further, to exclude accompanying coronary dis- 
ease, patients were required to have normal wall 
motion as assessed by radionuclide ventriculogra- 
phy both at rest and during exercise. Blood pres- 
sure was > 160 mm Hg systolic or >95 mm Hg 
diastolic on at least 5 consecutive readings in the 
outpatient clinic on different days. Blood pressure 
was measured with the subject in the sitting posi- 
tion, after a 10-minute rest in a darkened room, by 
means of a standard sphygmomanometer with a 
cuff of appropriate size, following the recommenda- 
tions of the American Heart Association.’ Second- 
ary hypertension was ruled out in all patients by 
laboratory and radiographic studies. All patients 
were fully informed about the procedures and aims 
of the study, and written consent was obtained by 
all subjects before the study. Each patient satisfied 
the echocardiographic criteria for left ventricular 
(LV) hypertrophy: i.e., Penn LV mass index > 134 
g/m? for men and >110 g/m? for women.®! The 
possible contribution of regular exercise to the 
genesis of LV hypertrophy was excluded by history. 
Patients had no signs, symptoms, or history of 
major diseases other than hypertension. 


STUDY DESIGN 

In control conditions all patients underwent 3 
sequential studies on the same day. First, M-mode 
echocardiography and pulsed Doppler evaluation 
were performed with 2-dimensional echocardio- 
graphic monitoring, for measurement of both LV 
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wall thickness and dimensions in order to calculate 
LV mass and LV early and late peak velocity flow 
to measure LV diastolic function, evaluated as the 
early/late ratio. Second, peripherat pulsed Dop- 
pler flowmetry was performed for the determina- 
tion of brachial artery compliance. Finally, strain- 
gauge plethysmography for the measurement of 
peripheral vascular resistance was performed. Dur- 
ing these studies automatic blood pressure determi- 
nations were obtained by blood pressure monitor 
(model 9001-S; Vita-Stat Medical Service, Belle- 
vue, Washington). Subsequently, treatment was 
started with trandolapril (Roussel-Uclaf), at the 
dose of 2 mg once a day, orally. 

After 1 month of treatment, a new set of blood 
pressure measurements was obtained in each pa- 
tient in the outpatient hypertension clinic by the 
same physician. Only the patients showing sitting 
blood pressure values <140/90 mm Hg were 
entered into the study. All patients showing a 
satisfactory blood pressure response to therapy 
returned to the outpatient hypertension clinic at 
2-month intervals for a 12-month follow-up period. 
In the responders, sequential noninvasive studies 
were performed again after 6 and 12 months of 
effective therapy. Finally, the antihypertensive treat- 
ment was interrupted, and all patients underwent a 
new echocardiogram and peripheral hemodynamic 
evaluation after a 1-month washout period. 


PROCEDURES 

Echocardiographic techniques: The M-mode 
echocardiography was performed with the stan- 
dard techniques previously reported from this 
laboratory.'! In particular, echocardiograms were 
obtained with the patients in the partial left lateral 
decubitus position using a 2.5 MHz transducer 
(model 77020AC; Hewlett-Packard) and recorded 
on light-sensitive paper at a paper speed of 50 
mm/sec. Images were obtained under sector scan- 
ning monitoring to detect any change in LV shape 
and to avoid angulation of the ultrasonic beam." 
Echocardiographic tracings were coded and read 
in random order by 2 expert observers blinded to 
the protocol and to the patient data. Differences 
between readers of 1 mm in measurement of 
interventricular septum and posterior wall thick- 
ness and of 2 mm in measurement of LV internal 
dimensions were averaged. Greater differences 
were resolved by review of the coded echocardio- 
grams. Measurements of LV internal diameter, 
interventricular septum, and posterior wall thick- 
ness were made according to the Penn convention 
at end-diastole and end-systole. Echocardiographi- 
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cally measured volumes in end-diastole and end- 
systole were derived using the Teicholtz formula.” 
The reliability of this technique has been demon- 
strated.!3 Echo LV mass was calculated at both 
end-diastole and end-systole according to the sim- 
ple and anatomically validated formula: 


LV mass = 1.04 x [(S + D + P} — D3] — 13.6 


where S is the interventricular septum thickness, D 
is the LV internal diameter, and P is the posterior 
wall thickness. To minimize the impact of variation 
of body size on LV mass, it was corrected for body 
surface area. Stroke volume was derived as the 
difference between end-diastolic and end-systolic 
volume, and cardiac eutput by multiplying stroke 
volume by heart rate, as derived by the echocardio- 
gram. Total peripheral resistance was calculated by 
dividing mean arterial pressure (calculated as dias- 
tolic arterial pressure plus one-third of the pulse 
pressure) for cardiac output and multiplying x 80). 
End-systolic stress was calculated according to the 
following formula: 


0.98 x [(0.334 x Dgs X Pr)/ 
Pgs X (1 + Pgs/Des)] — 2 


where Dgs is the LV internal diameter at end- 
systole, Pr is systolic blood pressure, and Pgs is the 
LV posterior wall thickness at end-systole. Dias- 
tolic function of the left ventricle was evaluated by 
the measurement of the peak early and late veloc- 
ity flow through mitral valve with pulsed Doppler 
echocardiography technique (early/late ratio).'4 
Peripheral two-dimensional pulsed Doppler 
flowmetry: Following the measurement of forearm 
volume by water displacement, the subjects were 
placed in the recumbent position with the right 
arm supported at the midthoracic level in a room 
with a controlled temperature of 23 + 1°C. The 
forearm arterial circulation was studied noninva- 
sively by means of a bidimensional pulsed Doppler 
system (Alvar Electronics, Montreuil, France) and 
the probe was fixed with a stereotaxic device over 
the course of the brachial artery, as previously 
reported from this laboratory. This apparatus 
enables the estimation of the diameter, blood 
velocity, and volumetric blood flow of the brachial 
artery and it has been validated by Safar et al. 
This system has 2 fundamental characteristics: a 
bidimensional recording of the Doppler signals 
and a range-gated time system of reception. With 
the first, using a probe containing 2 transducers 
and forming between them an angle of 120°, it is 
possible to know the angle between the ultrasonic 
beam and the vessel; by the second characteristic, 


it is possible to select the delay from the emission 
and the duration of the reception and to convert 
this time echographically into the depth and width 
of the Doppler measured volume. Indeed, this 
technique allows determination of the diameter (d, 
cm), the blood velocity, and calculation of the 
cross-section (A, cm?) of the artery (A = md?/4). 
All the determinations of arterial diameter were 
repeated at least twice in each patient. The variabil- 
ity of these determinations in our laboratory is of 
about 7%. 

Determination of brachial artery compliance: 
In all patients, omero-radial pulse wave velocity 
was determined by applying 2 pulse transducer 
heads (Ote Biomedica; Firenze, Italy) to the most 
prominent part of the brachial and radial arteries 
of the right arm. The time delay was measured 
between the nadirs of simultaneously recorded 
pulse waves at a paper speed of 150 mm/sec. The 
nadir was defined as the point obtained by extrapo- 
lating the wave front downward and was measured 
from the intersection of this line with a straight line 
extrapolation of the last part of the diastolic curve.’ 
Measurement of the distance between the 2 trans- 
ducers was then used to calculate pulse wave 
velocity (PWV). This was averaged over at least 
one respiration cycle, that is, about 10 beats. The 
intraobserver variability was about 9%. Brachial 
artery compliance was determined according to the 
equation of Bramwell and Hill.*’ In this equation 
PWV = (VdP/pdV)!/2, where V = arterial volume, 
òV = the change in volume, òP = the change in 
pressure, and p = blood density. From this equa- 
tion, it is easy to calculate the brachial arterial 
compliance (BAC) as BAC = 8V/8P = V/pPWV?. 
Since V can be expressed in terms of radius per unit 
length, then, 8V/8P = mr?/pPWV?, where r is the 
inner radius of the artery. In the present equation, 
5V/8P is expressed in cm4/dyne x 10’, and with D 
in cm, PWV in m/sec, and p = 1.06.’ The variabil- 
ity of the method was about 9%. 

Plethysmographic techniques: The dominant 
arm was slightly elevated above the level of the 
right atrium and a mercury-filled Silastic strain 
gauge was placed about 3 cm below the antecubital 
fossa. A blood pressure cuff was placed on the 
upper arm and inflated to 40 mm Hg rapidly to 
occlude venous outflow from the extremity. A wrist 
blood pressure cuff was inflated to suprasystolic 
pressure 1 minute before any recordings were 
made, to exclude the hand circulation. Flow mea- 
surements, expressed in mL/min X 100 g, were 
recorded for approximately 7 seconds every 15 
seconds; 5 readings were obtained for each resting 
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value. Vascular resistances, expressed as arbitrary 
units, were calculated by dividing mean arterial 
pressure (calculated as diastolic pressure plus 33% 
of the pulse pressure) by the peripheral blood flow. 
Serial measurements of systolic and diastolic blood 
pressure were obtained by means of the Vita-Stat 
automatic device. Blood pressure in each subject 
was expressed as the average value of all the 
measurements. Heart rate was calculated from 
simultaneously recorded electrocardiogram. 


STATISTICAL ANALYSIS 

Means + SE were calculated by standard statis- 
tical methods. Differences in values between differ- 
ent groups were assessed by variance analysis 
(F-test). 


RESULTS 

From a total recruited population of 21 patients, 
6 were excluded from the study. One patient was 
excluded because of unsatisfactory blood pressure 
response to trandolapril, the others because they 
did not keep their appointments at the outpatient 
hypertension clinic. Therefore, the study included 
15 hypertensive patients with LV hypertrophy, in 
whom daily administration of trandolapril induced 
a normalization of blood pressure (< 140/90 mm 
Hg). Table I summarizes the clinical characteristics 
of the 15 patients included in the study. Hemody- 
namic data recorded in control conditions at 6 and 
12 months of effective treatment with trandolapril, 
and 1 month after withdrawal of the treatment, are 
shown in Figure 1. The significant reduction of 
systolic and diastolic blood pressure induced by the 
treatment was associated with a significant reduc- 
tion in total peripheral resistance, since cardiac 
output remained unchanged (from 4.97 + 0.2 to 
5.1 + 0.3 and 5.1 + 0.2 L/min at 6 and 12 months, 
respectively). The withdrawal of therapy deter- 
mined an increase in systolic and diastolic blood 
pressure, so that arterial pressure returned to 
values comparable with those recorded in control 
conditions. No significant changes in heart rate and 
stroke volume were observed throughout the study. 

Effects on left ventricular anatomy and func- 
tion: The accuracy of the echocardiographic mea- 
surements was demonstrated by the observation 
that when LV mass at end-diastole and end-systole 
in each echocardiographic tracing were compared, 
the correlation coefficient varied between 0.9 and 
0.98. No change in LV shape was detected by 
2-dimensional echocardiography throughout the 
study. 


Age (years) 

Weight (kg) 

Height (cm) 

Forearm volume (mL) 

Duration of hypertension (years) 
Male/Female 


SAP (mm Hg) 
DAP (mm Hg) 
HR (bpm) 
LVMi (g/m?) 


n= 15. 

Each value represents mean + standard error of the mean. 

DAP = diastolic arterial pressure; HR = heart rate (beats/min); LVMi = left 
ventricular mass index; SAP = systolic arterial pressure. 





In control conditions, the mean values of LV 
mass index and the interventricular septal (IVS) 
and posterior wall (PW) thicknesses, measured at 
end-diastole, were above the normal range as 
reported by Reichek et al.!° In contrast, LV dimen- 
sions were in the normal range (LV end-diastolic 
internal diameter: 5.1 + 0.1 cm, LV end-systolic 
internal diameter: 3.3 + 0.1 cm) (Figure 2). LV 
systolic function, as assessed by ejection fraction, 
was normal under control conditions (65 + 1%) 
whereas LV diastolic function was impaired, as 
indicated by the low value of the early/late ratio, 
which appeared to be lower than the normal limit 
reported by Rokey et al!* (Figure 2). 

After 6 months of effective treatment with 
trandolapril, there was a reduction of LV mass 
index that was paralleled by reductions in interven- 
tricular septal and posterior wall thicknesses, 
whereas LV internal dimensions were unchanged 
(Figure 2). After 12 months of treatment, there 
was a further decrease of LV mass index associated 
with reduction of posterior wall and interventricu- 
lar septal thicknesses and no change in LV end- 
diastolic (Figure 2) and end-systolic internal diam- 
eter (from 3.3 + 0.1 to 3.3 + 0.1 and to 3.2 + 0.1 
mm, at 6 and 12 months, respectively; difference 
not significant). No significant increases in LV 
mass index or interventricular septal and posterior 
wall thicknesses were found at the end of the 
washout period, compared with the 12-month val- 
ues. Therefore, these parameters remained signifi- 
cantly lower than the corresponding initial values 
even after 1 month of withdrawal from therapy. 
The reversal of LV hypertrophy was accompanied 
by no change in LV systolic function (ejection 
fraction at 6 and 12 months and wash- 
out = 66 + 1%) despite calculated end-systolic 
stress, was significantly reduced during the effec- 
tive treatment (control = 60 + 3; 6 months = 
55 + 3; 12 months = 53 + 3 dyne/cm?, all p <0.01 
vs control) and returned to the basal value after the 
washout period (61 + 2 dyne/cm/?; difference not 
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significant). Conversely, there was an increase in 
LV diastolic function, evaluated by the early/late 
ratio, that increased significantly during treatment 
and remained higher than baseline at the washout 
control (Figure 2). 

Effects on brachial artery compliance and 
forearm hemodynamics: During treatment with 
trandolapril, we found a statistically significant 
increase in brachial artery compliance (Figure 2) 
and diameter (from 0.54 + 0.01 to 0.59 + 0.01 and 
to 0.58 + 0.01 cm at 6 and 12 months, respectively, 
both p <0.01). After 1 month of withdrawal from 
the treatment, brachial artery compliance (Figure 
2) and diameter (0.57 + 0.01 cm; p <0.01) re- 
mained significantly higher than in control condi- 
tions, despite the systolic blood pressure having 
returned to basal values (Figure 1). Forearm vascu- 
lar resistance, estimated by plethysmography, was 
significantly reduced by the treatment at 6 and 12 
months, returned toward baseline after withdrawal 


T12 Wash Out 


of trandolapril, but still remained significantly 
lower than in control conditions (Figure 1). 

A significant inverse correlation was found be- 
tween the changes in brachial artery compliance 
and those in LV mass index observed throughout 
the active treatment period (r = 0.519, p <0.05) 
(Figure 3). Further, the changes in brachial artery 
compliance and those in LV wall thickness mea- 
sured during the washout period were significantly 
and inversely correlated (r = 0.711, p <0.01) 
(Figure 4). 


DISCUSSION 

The main finding of this study is the observation 
that long-term antihypertensive treatment with the 
ACE inhibitor trandolapril induces a uniform re- 
gression in cardiac and vascular structural changes. 
Our current observation that 1-year antihyperten- 
sive treatment with trandolapril induces a com- 
plete reversal of LV hypertrophy is not surprising, 
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FIGURE 1. Hemodynamic effects of long-term antihypertensive treatment with trandolapril. CC = control conditions, Te 
and T,, = after 6 and 12 months of effective treatment with trandolapril; Wash out = after 1 month of withdrawal from 
therapy (n = 15; mean + SE). DBP = diastolic blood pressure; FVR = forearm vascular resistance; HR = heart rate; 
SBP = systolic blood pressure; SV = stroke volume; TPR = total peripheral resistance. * = p <0.01 vs CC; A = p <0.05 


vs CC. 
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FIGURE 2. Effect of long-term antihypertensive treatment with trandolapril (n = 15; mean + SE) on end-diastolic left 
ventricular internal dimension (LVID), end-diastolic interventricular septum thickness (IVSth), end-diastolic posterior 
wall thickness (PWth), left ventricular mass Index (LVM), ratio between early and late peak diastolic velocity (E/A), and 
brachial artery compliance (BAC). Other abbreviations and symbols as in Figure 1. 


FIGURE 3. Relation between the 
changes in brachial artery com- 
pliance (BAC) and those in left 
ventricular mass index (LVM) ob- 
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since the ability of ACE inhibitors to reverse or 
prevent the progression of hypertension-induced 
LV hypertrophy more effectively than other 
therapies has been substantiated in both experimen- 
tal'©!8 and clinical’ studies. 

There are many possible mechanisms through 
which ACE inhibitors may cause a more marked 
reduction of wall thickness and LV mass per unit 
(mm Hg) of blood pressure reduction, compared 
with other pharmacologic treatments. The renin- 
angiotensin system seems to play an important 
direct and/or indirect role for the development of 
cardiac hypertrophy.” Therefore, it may be specu- 
lated that through the interference with this mech- 
anism ACE inhibitors may prevent or revert LV 
hypertrophy more effectively than other drugs in 
the presence of a comparable antihypertensive 
effect. However, there are other antihypertensive 
drugs, such as B-adrenergic receptor blocking 
agents, which despite their ability to interfere with 
the renin-angiotensin system as well as with other 
trophic hormones, are less effective than ACE 
inhibitors in reverting LV hypertrophy. 

Large artery compliance is a major determinant 
of LV hypertrophy in hypertension,!? and ACE 
inhibitors have been shown to improve arterial 
compliance effectively.2°’ This property may con- 
tribute to more marked reductions in afterload, 
even in the presence of similar reductions in blood 
pressure, and hence play a permissive role for the 
reversal of LV hypertrophy. Our finding of a 
significant inverse correlation between the reduc- 
tion in LV mass and the corresponding increase in 
large artery compliance lends further support to 
this hypothesis. Further, an even stronger inverse 


-= — FFT =< 


FIGURE 4. Relation between the 

changes in brachial artery com- 

pliance (BAC) and in left ventricu- 

lar end-diastolic posterior wall 

thickness (LVWT) observed during 
period. 
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correlation was found in our study between the 
degree of reduction in LV posterior wall thickness 
and the increase in arterial distensibility evaluated 
after the washout period. This latter observation 
seems to suggest that ACE inhibitors are able to 
improve large artery compliance in hypertensive 
patients not only through the direct pharmacologic 
activity, as demonstrated in acute or short-term 
studies,”!”?! but also through the reversal of arte- 
rial structural changes. In fact, the data available 
on the pharmacokinetics of trandolapril” rule out 
the possibility that the drug could still have been 
effective, even at the tissue level, after 1 month of 
washout. 

On the other hand, the apparent discrepancy 
between our data and those obtained by Asmar et 
al’ with the administration of the ACE inhibitor 
perindopril may be accounted for by the observa- 
tion that the patients included in that study showed 
in control condition a mean value of brachial artery 
compliance markedly higher than that measured in 
the patients included in our study as well as in a 
previous study performed in our laboratory with 
the administration of enalapril. More importantly, 
Asmar and colleagues’ suggested that the time- 
constant for arterial structural changes in hyperten- 
sive patients may be different from that in LV 
hypertrophy. Thus, the longer follow-up period 
performed in our studies may also account for the 
discrepancy with the results obtained by Asmar 
and coworkers’ with a follow-up of 12 weeks. The 
hypothesis that the time course of reversal of 
arterial structural changes may be different from 
that of LV hypertrophy could be supported by the 
results obtained in several animal models of hyper- 
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tension showing significant increases in collagen 
biosynthesis arid total collagen content in large 
arteries.” In this regard, however, it has beer 
reported that the improvement in large artery 
compliance induced by ACE inhibitors in rats with 
renovascular hypertension was associated with re- 
duction of the thickness of aortic media without 
regression of the increase in the absolute amount 
of collagen.” Therefore, the reversal of large 
artery structural changes seems to be mediated by 
a reversal of the hypertrophy of smooth muscle 
cells, as happens in the reversal of LV hypertrophy. 

The correspondence of changes in LV and large 
artery walls may also be demonstrated by the 
improvement in cardiac diastolic function. In fact, 
although the improvement of early/late ratio dur- 
ing the treatment period may be explained also by 
the decrease in systemic blood pressure, the main- 
tenance of an improved early/late ratio after 1 
month washout period, when blood pressure was 
back to the basal value, suggests a direct effect of 
trandolapril on muscular tissue. 

Our current observations may also concur to 
support the necessity for the chronic treatment of 
hypertension in humans. Several investigators”?,*°7’ 
have recently suggested that the pharmacologic 
therapy of hypertension may be discontinued in 
some patients after the achievement of certain 
therapeutic goals. In particular, regression of LV 
hypertrophy has been indicated as a significant 
end-point to consider the treatment satisfactory.” 
Our current data, however, seem to speak against 
this hypothesis. In our smäll experimental sample, 
despite regression of LV hypertrophy and improve- 
ment of large artery compliance with trandolapril, 
the interruption of the treatment was associated 
with a prompt increase in blood pressure. In fact, 
arterial blood pressure returned to baseline within 
the short time of 4 weeks. Therefore, the hemody- 
namic conditions that had produced structural 
damage were restored. These data suggest that to 
ensure a stable regression of the structural lesions 
that may predispose to the development of cardio- 
vascular accidents, the therapeutic intervention 
should not be discontinued. 
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Evaluation of the Antihypertensive Effect of 
Once-a-Day Trandolapril by 24-Hour Ambulatory 
Blood Pressure Monitoring 


Giuseppe Mancia, mp, Raffaele De Cesaris, MD, Roberto Fogari, mD, Salvatore Lattuada, MD, 
Giuseppe Montemurro, mp, Carlo Palombo, MD, Carlo Porcellati, mD, Giuseppe Ranieri, MD, 
Franco Tettamanti, mD, Paolo Verdecchia, mD, Claudio Marelli, MD, Stefano Omboni, MD, 
Antonella Ravogli, mp, Alberto Zanchetti, mp, for the Italian Trandolapril Study Group 


The aim of this study was to evaluate the effects 
of trandolapril on 24-hour blood pressure in pa- 
tients with mild-to-moderate essential hyperten- 
sion. After a washout period of 4 weeks, 42 pa- 
tients were randomized to receive 2 mg of 
trandolapril once daily and 20 to receive placebo 
in a double-blind fashion for 6 weeks. This was 
followed by a second washout period of 4 weeks. 
At the end of each period, clinic blood pressure 
was assessed at 24 hours after the last dose and 
24-hour ambulatory blood pressure was mea- 
sured noninvasively, taking blood pressure read- 
ings every 15 minutes during the day and every 
20 minutes during the night. Two patients were 
dropped out before any blood pressure evalua- 
tion under treatment. Analysis of ambulatory 
blood pressure was performed in 48 patients who 
met the criteria for the minimal number of ambu- 
latory blood pressure data (2 values per hour dur- 
ing the day and 1 value per hour in the night). In 
the trandolapril-treated group (n = 41) clinic sys- 
tolic/diastolic blood pressures were 159.8 + 2.0/ 
102.4 + 0.8, 146.8 + 2.3/94.8 + 1.1, and 155.7 + 
2.0/99.2 + 0.7 mm Kg in the pretreatment, treat- 
ment, and post-treatment periods, respectively. 
The corresponding values for 24-hour mean blood 
pressure (n = 31) were 139.5 + 1.9/91.2 + 1.5, 
131.0 + 2.0/84.3 + 1.2, and 139.7 + 1.8/90.9 + 
1.1 mm Hg. The differences between the lower 
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treatment, versus the higher pre- and post-treat- 
ment, values were all statistically significant 
(p <0.01). The trandolapril-induced blood pres- 
sure fall was similar during the day and night and 
statistically significant also during the last 4 
hours of the 24-hour monitoring period (—6.6 + 
0.3 and —5.9 + 0.2 mm Hg for systolic and 
diastolic blood pressure, respectively; p <0.05). 
Trandolapril did not affect clinic heart rate but 
significantly lowered 24-hour heart rate values. 
In the placebo group the clinic (n = 19) and am- 
bulatory (n = 17) blood pressure and heart rate 
values obtained at the end of the 3 periods 
were similar. Thus, at the dose of 2 mg once 
daily, trandolapril reduces blood pressure in mild- 
to-moderate hypertensive patients. This antihy- 
pertensive effect is manifest throughout the 24 
hours. 

(Am J Cardiol 1992;70:60D—66D) 


randolapril is a newly developed angioten- 
sin converting enzyme (ACE) inhibitor char- 
acterized by being a prodrug and having a 
relatively long half-life in plasma.'* Whether this 
makes the drug effective in reducing 24-hour blood 
pressure by once-a-day dosing has not been conclu- 
sively established, however. In the present study we 
have set out to examine this issue. 


METHODS 

Study population: Our study was done on 62 
outpatients with mild or moderate essential hyper- 
tension. The subjects (46 males and 16 females) 
had a mean age of 51.3 + 1.5 years (range 29-67 
years). They were recruited if their supine and 
standing diastolic blood pressure values, as as- 
sessed in the outpatient clinic, were > 95 mm Hg at 
the end of the run-in period (see below). Other 
inclusion criteria were: (1) a body weight within the 
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normal limits for age, sex, and body surface; (2) no 
history or evidence of severe target organ damage 
(transient ischemic attacks, stroke, coronary heart 
disease, renal insufficiency, congestive heart fail- 
ure, intermittent claudication, etc.); (3) no evi- 
dence of severe diseases in addition to hypertension; 
and (4) no history of hypersensitivity to ACE 
inhibitors. Each subject gave his or her consent to 
the study after explanation of its nature and 
purpose. After randomization to placebo or active 
treatment two patients were dropped out before 
any blood pressure evaluation under treatment. 
Therefore efficacy analyses were performed on 60 
patients. 

Study design: The study, which was a multi- 
center, randomized, double-blind, placebo-con- 
trolled, parallel-group design, had the following 
protocol. After an initial medical visit had shown a 
blood pressure elevation, the subjects were submit- 
ted to a run-in period of 4 weeks to allow washout 
from any previous treatment and to ensure diagno- 
sis of the essential nature of their hypertension. 
The subjects were randomly assigned in a 2:1 ratio 
to trandolapril 2 mg once daily or to placebo for 6 
weeks. The dose of trandolapril or placebo was 
administered at about 9 A.M. At the end of the 6 
weeks, treatment was withdrawn and the patients 
were followed for another 4 weeks. 

Clinical assessments: Before treatment, at the 
end of treatment, and after the treatment periods 
all patients had a physical examination, a 12-lead 
resting ECG, and biochemical, hematologic and 
urinary laboratory examinations. Adverse events 
were recorded at each visit upon enquiry from the 
investigator. At the end of each period, systolic and 
diastolic blood pressures were measured 3 times by 
sphygmomanometry (1st and 5th Korotkoff sounds, 
respectively), 10 minutes after assumption of the 
supine and 1 minute after assumption of the 
upright posture. The average of the last 2 readings 
in the supine position was taken as the reference 
clinic value. The concomitant heart rate values 
were assessed by the palpatory method over 1 
minute. The measurements were obtained be- 
tween 8 and 9 A.M., which for the treatment period 
corresponded to about 24 hours after dosing. 

Ambulatory blood pressure monitoring: Am- 
bulatory blood pressure and heart rate were moni- 
tored electronically (Spacelabs 5200; Spacelabs 
Inc., Redmond, Washington, USA). The monitor- 
ing started between 9 and 10 A.M., i.e., after 
completion of the clinic blood pressure measure- 
ments and, during the treatment period, immedi- 
ately after the ingestion of the active drug or 
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TABLE I Demographic Characteristics of the Patients 


Placebo Trandolapril 
(n = 20) (n = 42) 
















Sex (male/female) 15/5 31/11 

Age (years) ST.) #17 51.4215 
Weight (kg) 776+ 2.8 73.4+ 1.6 
Height (cm) 169.0 + 1.4 170.0 + 1.2 





Data are means + SE. 


placebo. The ambulatory blood pressure monitor- 
ing device was set to obtain one measurement 
every 15 minutes between 6 A.M. and 12 P.M. and 
one measurement every 20 minutes between 12 
P.M. and 6 A.M. A recording was regarded as 
satisfactory if at least two readings per hour during 
the day and one reading per hour during the night 
(i.e., from midnight to 6 A.M.) were acceptable 
according to previously established criteria.° 

Statistical methods: Ambulatory blood pres- 
sure data were analyzed as (1) 24-hour average 
systolic/ diastolic blood pressure, mean arterial pres- 
sure, and heart rate; (2) daytime (6 A.M. to mid- 
night) and night-time (midnight to 6 A.M.) average 
blood pressures and heart rates; and (3) hourly 
average systolic/diastolic blood pressure, mean 
arterial pressure, and heart rate. The analysis 
included the day-time and night-time mean arterial 
pressure and heart rate standard deviations of the 
mean values, which were taken as indices of blood 
pressure and heart rate variability. 

Data from single subjects were averaged to 
obtain the means (+ SE) of the group. A paired 
Student’s ¢ test was used to locate the differences 
between data obtained during treatment and be- 
fore or after treatment. The statistical significance 
of the differences in the average hourly values was 
assessed by 2-way analysis of variance. A p <0.05 
was taken as the minimum level of statistical 
significance throughout the study. 


RESULTS 

Demographic and medical history character- 
istics: Table I shows the demographic characteris- 
tics of the patients randomly treated with trandola- 
pril or placebo. All data were comparable between 
the two groups. 

Clinic blood pressure: As shown in Table II, in 
the group randomized to placebo, supine clinic 
systolic/diastolic blood pressures were not signifi- 
cantly different at the end of the run-in or baseline 
period, the treatment period, or the final treatment 
withdrawal period. In contrast, in the group ran- 
domized to trandolapril both systolic and diastolic 
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TABLE Il Clinic Systolic/Diastolic Blood Pressure and Heart 
Rate Values at Run-in or Baseline, After Treatment with Placebo 
or Trandolapril, and After Washout 


After 


Baseline Treatment Treatment 


Placebo (n = 19) 
SBP (mm Hg) 

DBP (mm Hg) 

HR (bpm) 
Trandolapril (n = 41) 
SBP (mm Hg) 


158.0 + 3.1 
102.3 + 1.1 
¥3.9.% 1.9 


151.7.+.3.2 
101.1 + 0.9 
72.5+1.8 


158.5 + 1.9 
103.0 + 1.0 
42.6.2 a7 
18B:8i% 2.0 146.822.3* 155.7220 
DBP (mm Hg) 1@24+08 9482+1.1* 99.2+0.7 
HR (bpm) ev 1.3. F20's 12 72.1+0.8 

Data are shown as means = SE. Asterisks refer to statistical significance of 
differences between baseline and treatment values (*p <0.01 


bpm = beats per minute; SBP, DBP = systolic, diastolic blood pressure; HR = heart 
rate. 


blood pressures decreased significantly in the treat- 
ment as compared to the baseline period, a signifi- 
cant increase being observed following treatment 


After 
treatment 


Trandolapril (n=31) 


Baseline Treatment 


[ ] Placebo (n=17) 


ences between the 3 conditions. 








withdrawal. Heart rate was not significantly differ- 
ent throughout the study in either the placebo or 
the trandolapril-treated group. Similar results were 
obtained when considering blood pressure and 
heart rate values taken in the upright position 
(data not shown). 

Ambulatory blood pressure: Twelve patients 
did not meet the criteria for the minimal number of 
ambulatory blood pressure data (see Methods). 
Thus, the analysis was carried out in 48 patients, 31 
randomized to trandolapril and 17 to placebo. 
Figure 1 shows that in the placebo group, 24-hour 
average systolic/diastolic blood pressures and mean 
arterial pressure obtained at the end of the base- 
line period, the treatment period, and the post- 
treatment periods were superimposable. In con- 
trast, in the trandolapril group all 24-hour average 
blood pressures were significantly less during the 
treatment period compared with the run-in and 


Baseline Treatment 


treatment 


meanstSE * p<0.05 #*# p<0.01 
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FIGURE 2. Day- and night-time mean arterial pressure (MAP) and heart rate (HR) values at baseline (open circles) and 
after treatment (solid circles) with placebo or trandolapril. Data are shown as means + SE. Asterisks refer to the statis- 
tical significance of the differences between the 2 conditions. 
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FIGURE 3. Hourly systolic blood pressure (SBP) and diastolic blood pressure (DBP) values at baseline (open circles) and 
after treatment (solid circles) with placebo or trandolapril. Data are shown as means + SE. Asterisks refer to the statis- 
tical significance of the differences in the last 4 hours between the 2 conditions. 
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FIGURE 4. Hourly mean arterial pressure (MAP) and heart rate (HR) values at baseline (open circles) and after treatment 
(solid circles) with placebo or trandolapril. Data are shown as means + SE. For further explanations, see Figure 3. 
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© Baseline eo——® Treatment meanst+SE 
FIGURE 5. Day- and night-time variability of mean arterial pressure (MAP) and heart rate (HR) expressed as average 


standard deviations of the day and nighttime mean values. Data are shown as means + SE at baseline (open circles) 
and after treatment (solid circles) with placebo or trandolapril. 
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post-treatment periods. In contrast to placebo, 
trandolapril caused a significant reduction of both 
the elevated day-time and the reduced night-time 
blood pressure values (Figure 2). The trandolapril- 
dependent reduction in blood pressure was evident 
during almost every hour during 24 hours and 
significant also for the last 4 hours of the 24-hour 
monitoring period (Figures 3 and 4). Average 
24-hour, day-time, night-time, and hourly heart 
rates were not significantly affected by placebo and 
only slightly, although significantly, reduced by 
trandolapril (Figures 1-4). Blood pressure and 
heart rate variabilities were less during the night 
than during the day-time. In both instances pla- 
cebo and trandolapril had no significant effect 
(Figure 5). 

Safety: After randomization to placebo or tran- 
dolapril 2 patients dropped out: one patient had a 
stroke during placebo treatment while the second 
withdrew for reasons not related to the study 
treatment. The laboratory examinations and the 
ECG patterns were not significantly modified by 
treatment compared with the pretreatment values. 
In the trandolapril group, 3 patients complained of 
symptoms that were not considered to be related to 
the study drug (headache, gastric pain, and tinni- 
tus). In the placebo group, one patient reported 
flushing and conjunctival hyperemia. 


DISCUSSION 

In our hypertensive subjects, once-a-day admin- 
istration of trandolapril at the dose of 2 mg caused 
a significant reduction in 24-hour average blood 
pressure values compared with the pre- and post- 
treatment values. The reduction involved both 
systolic and diastolic blood pressures. It was evi- 
dent with respect to the elevated day-time and the 
reduced night-time blood pressures, and it was 
manifest for the blood pressure values occurring in 
the last few hours of the 24-hour dosing interval. 
This permits the conclusion that at the dose em- 
ployed, once-daily administration of trandolapril is 
therapeutically effective over 24 hours. 

Several other data of our study deserve to be 
mentioned: (1) In our patients, trandolapril caused 
a significant although small reduction in 24-hour 
mean heart rate. This is not an invariable finding 
for antihypertensive treatment with ACE inhibi- 
tors. However, in some studies ACE inhibitors 
have been reported to potentiate vagal cardiac 
drive, which would account for the slight bradycar- 
dia we observed.® (2) Trandolapril had no signifi- 
cant effect on either the elevated or the reduced 
blood pressure variability occurring during the day 


and night, respectively. This may have clinical 
relevance, because in the setting of systemic hyper- 
tension, blood pressure variability is related to 
organ damage.’”* It should be emphasized, how- 
ever, that noninvasive ambulatory blood pressure 
monitoring may not accurately measure blood 
pressure variability, because blood pressure read- 
ings obtained at 15 or 20 minute intervals miss a 
large number of blood pressure values and do not 
allow the resulting standard deviation to closely 
reflect the actual degree of the blood pressure 
oscillations.? This may account for the fact that 
different effects on blood pressure variability have 
been reported in ambulatory blood pressure moni- 
toring studies with several antihypertensive drugs. ° 
It should also be emphasized that in a study in 
which blood pressure was measured beat-to-beat, 
trandolapril was shown to cause a reduction in 
blood pressure variability.!! The findings of the 
present trial may thus underestimate the effect of 
the drug on this phenomenon. 

Finally, in the patients randomized to placebo, 
clinic blood pressure fell whereas 24-hour mean 
blood pressure remained unchanged. Further, in 
the patients treated with trandolapril, treatment 
withdrawal was accompanied by an increase in 
clinic blood pressure, whereas no blood pressure 
effect occurred in the placebo group. Thus at 
variance from clinic blood pressure, 24-hour aver- 
age blood pressure is devoid of any substantial 
placebo or time-related effect.!>! In other words, 
24-hour blood pressure reflects the absence or 
presence of active treatment more adequately than 
clinic blood pressure. This emphasizes the advan- 
tages of using the former approach when investigat- 
ing new antihypertensive drugs. 
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Mario S. Verani, MD 


his supplement to the American Journal of 

Cardiology contains the proceedings of a 

1-day closed symposium, “Cardiac Imaging 
and Patient Management,” held November 9, 1991, 
in Anaheim, California, in association with the 
1991 Annual Meeting of the American Heart 
Association. This program brought together nation- 
ally recognized experts in the field of radionuclide 
cardiac imaging to discuss how to maximize the 
benefits of cardiac imaging in the clinical setting. 

In my article, I provide an overview of thallium- 
201 (TI) single-photon emission computed tomog- 
raphy (SPECT) imaging and discuss the advan- 
tages of SPECT over planar scintigraphy for the 
detection of coronary artery disease. This review 
also examines pharmacologic stress imaging and 
discusses the benefits and risks of both dipyrid- 
amole and adenosine. 

Robert Bonow discusses the assessment of myo- 
cardial viability with °!Tl. He points out that viable 
myocardium may be present in some patients, even 
when none of the usual indicators (regional wall 
motion, systolic wall thickening, regional myocar- 
dial perfusion, and redistribution of thallium) so 
suggest. Clinicans would do well to look for this 
hibernating tissue, he suggests, either with positron 
emission tomography (PET) or with 7°'Tl SPECT 
imaging, performed either 8-72 hours after initial 
21T] injection or after "TI reinjection, to identify 
tissue that may be successfully revascularized. 

George Beller explores the benefits of thallium 
scintigraphy in patients with severe left ventricular 
dysfunction. He notes that *°'Tl scintigraphy can 
identify viable asynergic segments when performed 
on patients with severe coronary artery disease 
who are in the resting state. Among his conclu- 
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sions: There is a direct correlation between the 
extent of 2”'Tl uptake in zones of severe regional 
myocardial asynergy and the magnitude of improve- 
ment in resting left ventricular ejection fraction 
after coronary bypass surgery. 

In his article, Kenneth Brown provides an in- 
depth look at cardiac prognosis with *"'TI scintigra- 
phy. He explains that knowledge of a patient’s 
coronary anatomy alone is often insufficient to 
predict who will benefit from revascularization. 
Clinicians also need to determine if the diseased 
vessels are supplying viable myocardium. 

Finally, Frans Wackers evaluates the compara- 
tive benefits of SPECT scanning with thallium and 
the technetium-labeled agent sestamibi. His article 
reports the findings of several key comparative 
studies and describes several technical advances 
that have enhanced the diagnostic capability of 
201T] imaging. In particular, the 2 agents are com- 
pared in terms of image quality and diagnostic 
value, as well as practical clinical usage. 

A most striking consensus emerges from these 
articles. In spite of the introduction of newer 
agents, 7?'T] SPECT remains an imaging modality 
of great value to nuclear cardiology because of its 
clinical benefits and the emergence of new imaging 
techniques, including reinjection and pharmaco- 
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logic stress imaging. Moreover, improved thallium 
imaging is a powerful tool to assess jeopardized 
myocardium in symptomatic patients or in those 
with silent myocardial ischemia. Thus, it is antici- 
pated that thallium will continue to play a signifi- 
cant role as the “gold standard” to which all new 


perfusion agents are compared. 
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We thank each of these distinguished contribu- 

tors for sharing their perspectives on these issues. I 
would also like to acknowledge our communica- 
tions company, Pragmaton, for their assistance 
with the organization of the symposium and for 
their attention to the editorial details of these 


articles. 





Thallium-201 Single-Photon Emission Computed 
Tomography (SPECT) in the Assessment of 
Coronary Artery Disease 


Mario S. Verani, MD 


Of all currently available techniques, thallium- 
201 single-photon emission computed tomogra- 
phy (SPECT) is the most time-tested noninvasive 
method for the detection of coronary artery dis- 
ease (CAD). Recent pooled data show an overall 
sensitivity of 90% and a specificity of 70% for 
thallium-201 SPECT. Of patients with single- 
vessel coronary disease, 83% are identified by 
SPECT. Nearly all patients with double- and triple- 
vessel coronary disease (93% and 95%, respec- 
tively) are also identified. Thallium-201 SPECT 
imaging is also very effective in diagnosing CAD 
using pharmacologic stress testing. In certain 
patient populations (e.g., in sedentary patients or 
those using anti-ischemic medications), pharma- 
cologic stress testing with dipyridamole or aden- 
osine may be a logical alternative to exercise 
testing. Moreover, many patients have physical 
disabilities that preclude appropriate exercise 
testing. Intravenous adenosine is a very potent 
direct coronary vasodilator, with the advantage 
of an ultrashort half-life, which eliminates the 
need to administer an antagonist in the majority 
of patients. In addition, the dosage of adenosine 
can be adjusted during the infusion, if necessary. 
The importance of thallium-201 SPECT during 
exercise or pharmacologic vasodilation tran- 
scends diagnosis, since it also plays an impor- 
tant role in the prognostic evaluation of patients 
with stable angina or postmyocardial infarction. 
Risk evaluation can be done with submaximal 
exercise electrocardiographic testing, but there 
is evidence that the addition of perfusion scintig- 
raphy enhances the ability to predict future risk. 
In patients unable to exercise or to receive dipyr- 
idamole or adenosine stress, dobutamine has 
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recently emerged as yet another alternative. Al- 
though the reported experience is small with 
dobutamine thallium perfusion imaging, the test 
appears safe, well-tolerated, and has good sensi- 
tivity and specificity for CAD detection. 

(Am J Cardiol 1992;70:3E—9E) 


r Vhallium-201 (7°'T1) myocardial perfusion im- 
aging has been widely used in the United 
States and abroad for the past 15 years. 
Recently, there has been renewed interest in this 
technique, despite predictions that new com- 
pounds labeled with technetium-99m would sup- 
plant *°'Tl. There are several reasons! for this 
renewed interest in TIl: (1) improved myocardial 
images have resulted from the advent of scanning 
with single-photon emission computed tomogra- 
phy (SPECT); (2) recent improvements have been 
reported in quantification of the SPECT images; 
(3) the popularization of perfusion imaging in 
conjunction with pharmacologic “stress” of the 
cardiovascular system; and (4) the use of reinjec- 
tion techniques to assess myocardial viability bet- 
ter. As a consequence, the number of myocardial 
perfusion imaging procedures continues to in- 
crease in many laboratories around the country. 
This review summarizes recent findings on the 
diagnostic value of *°'Tl SPECT during exercise 
and of thallium scintigraphy in general during 
pharmacologic stress. 


SENSITIVITY AND SPECIFICITY OF 
THALLIUM-201 SPECT 

Data on *°'Tl SPECT in conjunction with exer- 
cise from >1,000 patients have been pooled by 
Mahmarian et al (Table I). These data show an 
overall sensitivity of 90% for detection of coronary 
artery disease (CAD), with a range of 82-98%. 
Nearly all patients (99%) with prior myocardial 
infarction had abnormal SPECT images, but even 
in patients without prior myocardial infarction, the 
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Study % with MT 


Tamaki‘ 
(n = 104) 


DePasquale® 
(n = 210) 


Iskandrian et al® 
(n = 461) 


Maddahi? 
(n = 138) 


Mahmarian et al? 
(n = 360) 


Van Train® 
(n = 318) 


TOTAL 


Overall 


98 
(80/82) 


95 
(170/179) 


82 
(224/272) 


95 
(87/92) 


87 
(192/221) 


94 
(185/196) 


90 


100 
(32/32) 


100 
(47/47) 


98 
(49/50) 


100 
(43/43) 


99 
(73/74) 


100 
(78/78) 


99t 


Sensitivity* (%) 


No MI 


96 
(48/50) 


92 
(123/134) 


78 
(174/222) 


90 
(44/49) 


79 
(68/86) 


90 
(106/118) 


85 


SVD 


91 
(85/93) 


64 
(45/70) 


83 
(15/18) 


84 
(119/142) 


88 
(56/64) 


83 


99 
(72/73) 


87 
(93/107) 


97 
(32/33) 


91 
(60/66) 


96 
(69/72) 


93ł 


100 
(13/13) 


91 
(86/95) 


98 
(40/41) 


100 
(13/13) 


100 
(60/60) 


95t 


Specificity 
91 
(20/22) 
74 
(23/31) 


60 
(35/58) 


56 
(10/18) 


87 
(65/75) 


43 
(15/35) 


70 


Normalcy 
Rate 


94 
(123/131) 


86 
(24/28) 


82 
(62/76) 


89 


(938/1,042) (322/324) 


*Actual numbers are shown in parentheses. 
tp = 0.0001 vs no MI; tp = 0.0001 vs SVD. 


(563/659) 


(320/387) (326/351) (212/222) (168/239) (209/235) 


CAD = coronary artery disease; DVD = double-vessel disease; MI = myocardial infarction; SPECT = single-photon emission computed tomograhy; SVD = single-vessel disease; 


TVD = triple-vessel disease. 
Reprinted with permission from Am J Cardiol. 


sensitivity of T] SPECT for detecting CAD was 
quite high (average 85%). 

The more extensive the CAD, the more likely it 
will be detected by SPECT. In the pooled data, 
83% of patients with single-vessel disease and 
nearly all patients with double- (93%) and triple- 
(95%) vessel disease were identified by SPECT. 
The detection of all individual vessels with coro- 
nary stenosis is good, but not quite as high. Approx- 
imately 80% of all stenotic vessels are detected 
with SPECT, although detection of circumflex 
artery stenosis is lower. 

Another important observation is that the sensi- 
tivity increases as the severity of coronary stenoses 
progresses from mild (<50% luminal narrowing) 
to moderate (50-70% luminal narrowing) to severe 
stenosis (>70% luminal narrowing). SPECT al- 
lows detection of nearly 90% of all stenoses with 
> 70% luminal narrowing.” 

Analysis of pooled data? shows an overall speci- 
ficity of 70% for detection of CAD with TI] 
SPECT during exercise, with a range on the order 
of 50-90%. Thus, in some laboratories, a poor 
specificity for SPECT may be the main limitation of 
the technique. The number of false-positive inter- 
pretations may be substantially decreased, how- 
ever, by paying attemtion to pertinent history, such 
as the patient’s gender and body habitus and the 
presence of anatomic factors leading to increased 
extracardiac attenuation. In our laboratory, quanti- 
fication of myocardial perfusion images using an 
appropriate bank of normal perfusion data has 
enabled us to obtain a specificity of 90%.° It has 
been previously emphasized that in many laborato- 





ries an abnormal perfusion scan is often used as a 
reason to perform coronary angiography. This 
results in a significant post-test selection bias, by 
which patients with normal perfusion scans typi- 
cally do not undergo coronary angiograms, whereas 
those with an abnormal scan often go on to have an 
angiogram. Such a selection bias decreases the 
apparent specificity of the test. To overcome this 
problem, some investigators prefer to report “‘nor- 
malcy rate,” i.e., the percentage of low-risk normal 
individuals with a normal scan. The normalcy rate 
is approximately 90% by *°'Tl SPECT. 


QUANTIFICATION OF THALLIUM-201 SPECT 
IMAGES 

In our laboratory, we use a polar-plot display 
method, which is a variation of the method origi- 
nally described by Garcia et al? with certain innova- 
tions that we have implemented.’ In summary, 
circumferential profiles are obtained on each of 
the short axis slices and the apical vertical long axis 
slices. Each of the slices is displayed concentrically 
on a “‘bull’s-eye” format, where the center of the 
bull’s-eye represents the apex of the left ventricle. 
The regions with normal myocardial activity are 
normalized to 100 and the abnormal regions scaled 
appropriately. Each patient’s polar map is com- 
pared to a normal data bank, and the regions with 
decreased thallium activity (those with activities 
> 2.5 standard deviations below the normal mean) 
are color-coded to represent perfusion defects. 
Such a technique allows for computer quantifica- 
tion of the total left ventricular perfusion defect 
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size (Figure 1), as well as the amount of reversibil- 
ity at 4 hours, 24 hours, or after thallium reinjection. 


EXERCISE THALLIUM-201 SPECT IN THE 
ASSESSMENT OF JEOPARDIZED MYOCARDIUM 
IN PATIENTS WITH CORONARY ARTERY 
DISEASE 

Our group has recently evaluated the amount of 
myocardium jeopardized by stenoses of each of the 
3 principal coronary arteries during exercise TI] 
SPECT.!'° In general, patients with left anterior 
descending artery stenosis have a larger myocardial 
perfusion defect size when compared with patients 
with right coronary artery or circumflex artery 
stenoses (Figure 2). In patients with left anterior 
descending artery stenosis, those in whom the 
stenosis is located in the proximal part of the artery 
usually have a larger myocardial perfusion defect 
than those with stenoses in the mid or distal 
location. Perhaps the most striking observation 
from this study, however, was the wide variation in 
myocardial perfusion defect sizes caused by stenosis of 
similar severity and in similar locations. The implica- 
tions of these data are that the coronary angio- 
grams alone cannot predict the amount of myocar- 
dium in jeopardy. Thus, the knowledge of the 
functional expression of the coronary stenosis (1.e., 
the extent, severity, and reversibility of the perfu- 
sion defects) complements the information ob- 
tained from the coronary angiograms. 

A further observation from our study!” is that 
patients with more severe stenosis ( > 70% luminal 
diameter narrowing) in general have larger perfu- 
sion defects than those with narrowings in similar 
locations but of lesser severity (< 70% stenosis). 


FIGURE 2. Thallium-201 perfusion 
defect sizes (PDS) during exer- 
cise in patients with proximal sin- 
gle-vessel coronary artery dis- 
ease. The average defect size is 
larger in patients with proximal 
left anterior descending (LAD 
PROX) stenosis than with right 
coronary (RCA) or circumflex ar- 
tery (CX) stenoses. Defect size 
varies widely in different patients 
with stenosis of similar severity 
in the same vessel. LV = left ven- 
tricle; MI = myocardial infarction. 
(Reprinted with permission from J 
Am Coll Cardiol. +°) 





LAD PROX 








FIGURE 1. Bull’s-eye polar map of the thallium-201 myo- 
cardial activity during exercise. The shaded area repre- 
sents normally perfused myocardium and the inner area in 
black the defect, which amounted to 26% of the 
left ventricle in this patient with a proximal left anterior 
descending (LAD) stenosis. LCX = left circumflex; 


RCA = right coronary artery. 


Here also, however, the coronary angiogram does 
not enable one to predict the extent or severity of 
the myocardial perfusion deficit. These observa- 
tions are in keeping with the known difficulties in 
assessing the functional significance of angio- 
graphic coronary stenosis!! and the variable contri- 
bution of coronary collaterals to the regional perfu- 
sion of different patients. 

One of the potential criticisms of using exercise 
21T] SPECT to assess the amount of jeopardized 
myocardium is that the perceived amount of jeopar- 
dized myocardium depends in large part on the 
intensity of the exercise test, ordinarily expressed 
by the maximal heart rate and double product 
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achieved. In other words, in patients with severe 
stenosis but with a poor exercise stress, the T] 
images may not reflect the true extent of their 
jeopardized myocardium. In fact, it is to be ex- 
pected that the intensity of the exercise stress plays 
a significant role in the sensitivity of the test.° As a 
corollary of this observation, patients with signifi- 
cant coronary stemoses who perform an exercise 
test of low intensity may have an entirely normal 
201T] scan. 


PHARMACOLOGIC MYOCARDIAL PERFUSION 
IMAGING 

As discussed, the intensity of the exercise test is 
critical in order to obtain the highest possible yield 
from the *?'T] SPECT images. We estimate that 
20-30% of patients with suspected or documented 
CAD cannot perform a maximal exercise test. Of 
course, diverse physical disabilities may entirely 
preclude many other patients from performing 
exercise testing. For these patients, pharmacologic 
perfusion imaging ts the logical approach. 

Dipyridamole perfusion imaging: Dipyridamole 
is a potent, albeit indirect, coronary vasodilator 
that acts by blocking the cellular reuptake of 
adenosine, thereby increasing the blood and tissue 
concentrations of adenosine, which in turn pro- 
duces maximal or near-maximal coronary vasodila- 
tion.!* In normal coronary arteries, dipyridamole 
increases the flow to 3—4-fold times the baseline 
values (the so-called “coronary vascular reserve”). 
In arteries with stenosis of >50% of the lumen 
diameter, the increase in flow will be proportion- 
ately less, however. In arteries with moderate 
stenosis (50-70% luminal narrowing), the coronary 
flow may still increase 2—3-fold above the resting 
values. On the other hand, in arteries with more 
severe stenosis (> 70%), the flow increases much 
less or may not increase at all. This differential flow 
reserve in normal versus stenotic arteries provides 
the physiologic rationale for injecting imaging 
agents such as *!'T] that are distributed according 
to the coronary blood flow.!?!4 When 7!TI is 
injected under conditions of coronary hyperemia, a 
differential distribution of 2°'T] is observed, with 
greater amounts of *”'T] taken up by the normally 
perfused areas and lesser amounts by the abnor- 
mally perfused areas. 

Leppo? has pooled previously reported data on 
dipyridamole planar perfusion imaging and found 
an overall sensitivity of 90% and specificity of 70% 
for CAD detection. The sensitivity and specificity 
of 7°'Tl imaging were similar during exercise or 
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dipyridamole stress testing in the patients who 
received both tests on different days. 

In a study from our laboratory, Borges-Neto et 
al!ć have demonstrated high sensitivity and specific- 
ity of °°'T] SPECT imaging following high doses of 
oral dipyridamole. Thus far, no reports are avail- 
able describing the corresponding values with intra- 
venous dipyridamole; one would anticipate simi- 
larly high sensitivity and specificity. 

In addition to its prominent role in the diagnosis 
of CAD, dipyridamole *°'Tl SPECT imaging has 
been found to be very useful in the cardiovascular 
risk stratification of patients undergoing peripheral 
vascular operations and in patients recovering 
from an acute myocardial infarction. 

Recent evidence also suggests that pharmaco- 
logic vasodilation may be the ideal stress in pa- 
tients suspected of having CAD and who also have 
a left bundle branch block. Patients with this 
conduction abnormality frequently show perfusion 
defects, usually involving the interventricular sep- 
tum, that may closely mimic CAD. Interestingly, 
this is not a problem with dipyridamole imaging, 
and thus pharmacologic stress appears to be more 
specific than exercise scintigraphy in patients with 
left bundle branch block. 

Although dipyridamole perfusion imaging is of 
proven value and has a good safety record, it has 
two potential drawbacks. First, dipyridamole may 
not elicit maximal coronary vasodilation in up to 
20% of patients.'’ Second, the elimination half-life 
of intravenous dipyridamole is several minutes, so 
that the effects of the drug as well as the side 
effects may persist for several minutes after T] 
administration. These side effects occur in approx- 
imately 50% of patients receiving dipyridamole! 
and in some cases are severe enough to require 
administration of the adenosine antagonist, amin- 
ophylline. 

Adenosine perfusion imaging: Recently, aden- 
osine perfusion imaging has been proposed as an 
alternative to dipyridamole perfusion imaging.!® 
There are some distinct advantages of using adeno- 
sine as a coronary vasodilator. First, the ultrashort 
plasma half-life of adenosine (2-10 seconds) en- 
sures that the effects of the drug will abate rapidly 
following termination of the test. Second, adminis- 
tration of adenosine may be titrated up or down, 
and the full effect of the new dose will be apparent 
in a matter of 1-2 minutes. Third, adenosine may 
elicit more consistent maximal coronary vasodila- 
tion than dipyridamole.'® Our initial protocol with 
adenosine SPECT imaging used a stepwise titra- 
tion of adenosine, beginning with a dose of 50 
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ug/kg/min and increasing the dose every minute to 
a maximum of 140 wg/kg/min.'® In this protocol, 
0I'T] was injected after 1 minute at the highest 
dose, which was then continued for an additional 2 
minutes and then discontinued. This protocol 
proved to be very safe and yielded a high sensitivity 
and specificity for CAD detection. Subsequently, 
the protocol was simplified to a continuous infu- 
sion of 140 wg/kg/min for a total of 6 minutes, with 
thallium administered 3 minutes after the infusion 


FIGURE 3. Thallium-201 single- 
photon emission computed to- 
mography (SPECT) images during 
adenosine infusion (top) and at 
redistribution (bottom) in a pa- 
tient with left anterior descend- 
ing stenosis. In each part, three 
representative slices are shown 
in the short axis (upper row), hori- 
zontal long axis (middle row), and 
vertical long axis (lower row). A 
defect (in orange color) involved 
the anterior (ANT) wall and apex 
in the adenosine images and 
filled-in in the redistribution im- 
ages. INF = inferior; SEPT = 
septum. (Reprinted with permis- 
sion from J Am Coll Cardiol.**) 


started. This protocol has now been used in several 
thousand patients in the United States with an 
excellent safety record, high sensitivity and specific- 
ity, and excellent comparability with exercise *°'T] 
SPECT imaging.!??9 A recent report from our 
laboratory by Nishimura et al?! with computerized 
quantification of the SPECT images showed a 
sensitivity of 87% and specificity of 90% (Figure 3). 
Nguyen et al” and Iskandrian et al” have also 
reported large series of patients receiving adeno- 
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sine XIT] SPECT, in whom the sensitivity was 90% 
and specificity 88%. 

Side effects are common during administration 
of adenosine to patients.2°** The most frequent 
side effects are facial flushing, chest pain, head- 
aches, and dyspnea. Although frequent, these side 
effects disappear within 1-2 minutes of discontinu- 
ing the infusion and almost never require adminis- 
tration of aminophylline. The known negative 
dromotropic effect of adenosine in the atrioventric- 
ular node accounts for an occurrence of first- 
degree atrioventricular block in approximately 10% 
of patients and a 3.6% frequency of second-degree 
atrioventricular block.” Occasionally ( < 1%), third- 
degree atrioventricular block occurs. Fortunately, 
as with the other side effects, atrioventricular block 
is transient and often disappears even when the 
infusion is continued. When necessary, the infu- 
sion may be terminated and the atrioventricular 
block will typically abate within several seconds. 

Although most of the experience thus far re- 
ported with adenosine has been with T1 SPECT 
perfusion imaging, adenosine may also be used in 
combination with technetium-99m sestamibi ( Vera- 
ni et al, unpublished observations) or technetium- 
99m teboroxime imaging.” Gupta et al?° have used 
adenosine stress in combination with positron emis- 
sion tomography (PET) with excellent results. At 
the time of this writing, adenosine has yet to be 
approved by the Food and Drug Administration 
for use in conjunction with perfusion imaging, 
although adenosine is currently approved for emer- 
gency therapy of supraventricular tachycardia. 

Dobutamine myocardial perfusion imaging: 
Although dipyridamole and adenosine represent 
important advances that have broadened the appli- 
cation of myocardial perfusion imaging in patients 
who could not previously undergo exercise stress 
testing, both dipyridamole and adenosine are con- 
traindicated in patients with asthma or bronchos- 
pasm and must be used carefully in patients with 
low resting systolic blood pressures (<100 mm 
Hg). Further, neither dipyridamole nor adenosine 
should be used in patients who have recently used 
methylxanthine compounds (theophylline or caf- 
feine) because these drugs antagonize the adeno- 
sine receptors in the cell membrane and thus may 
preclude the adenosine-induced vasodilation. 

Mason et al?’ were the first to report dobu- 
tamine stress in combination with planar *’'TI 
perfusion scintigraphy. These authors reported a 
high sensitivity and specificity for this test. Subse- 
quently, dobutamine was used in combination with 
201T] scintigraphy by Zellner et al? and in combina- 


tion with radionuclide angiography by Freeman et 
al.2? Recently, Pennell et al reported on the utility 
of dobutamine in conjunction with T] SPECT 
(maximal dobutamine dose 20 wg/kg/min). Again, 
high sensitivity (97%) and specificity (80%) were 
reported. 

Dobutamine stress imaging is performed in our 
laboratory using the following protocol. Dobu- 
tamine is infused intravenously at an increasing 
dose of 5, 10, 20, 30, and 40 pg/kg/min, with 
increases every 3 minutes. At the maximal toler- 
ated dose, %'TI is injected and dobutamine main- 
tained for an additional 2 minutes. The initial 
SPECT images are obtained immediately after 
stress, and the redistribution images are obtained 4 
hours later. In a series of 144 patients recently 
studied in our laboratory, dobutamine stress was 
well tolerated, despite a high frequency of side 
effects. Sensitivity and specificity were 87% and 
90%, respectively.*! 

Thus, dobutamine represents a third alternative 
for pharmacologic perfusion imaging in patients 
who are unable or unwilling to exercise. Together, 
these 3 drugs have considerably broadened the 
application of myocardial perfusion imaging. 
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Assessing Viable Myocardium with Thallitum-201 


Robert O. Bonow, mD and Vasken Dilsizian, MD 


Patients with chronic coronary artery disease 
and potentially reversible left ventricular dys- 
function can often be successfully identified by 
one or more clinical indicators of myocardial via- 
bility, including regional wall motion, systolic wall 
thickening, regional myocardial perfusion as de- 
termined by perfusion tracers, and redistribution 
of thallium-201. In some patients, however, via- 
ble but “hibernating” myocardium will exist even 
when none of the above are evident. Myocardial 
viability in this situation can be detected with a 
high degree of accuracy by the demonstration of 
preserved metabolic activity by positron emis- 
sion tomography (PET) scanning. Additionally, 
modifications of the standard exercise-redistri- 
bution thallium protocol may also produce accu- 
rate results. These modifications include late 
thallium-201 redistribution imaging, performed 
8—72 hours following initial thallium injection, and 
thallium reinjection at rest after early (3—4 hours) 
or late (8—72 hours) redistribution imaging. These 
methods can identify viable myocardium in many 
thallium defects that appear to be irreversible on 
a standard 3—4 hour redistribution image. In addi- 
tion, serial imaging after administration of thalli- 
um-201 at rest may also provide valuable insights 
into myocardial viability. These imaging modali- 
ties have important practical applications in the 
evaluation and management of patients with 
coronary artery disease and left ventricular dys- 
function. 

(Am J Cardiol 1992;70:10E—17E) 
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n many patients with chronic coronary artery 

disease and left ventricular (LV) dysfunction, 

impaired LV performance represents a poten- 
tially reversible process (rather than irreversible 
fibrosis), a condition termed myocardial 
“hibernation.”!* Such patients may demonstrate 
substantial improvement, and even normalization, 
in LV function after successful revasculariza- 
tion.'* In our experience, over one-third of pa- 
tients with chronic LV dysfunction manifest a 
clinically meaningful increase in ejection fraction 
after myocardial revascularization.’ However, the 
identification of regions of the myocardium that 
are asynergic but “hibernating,” with the potential 
for improved function after revascularization, is 
often a difficult clinical challenge, because these 
myocardial regions may mimic myocardial fibrosis, 
with absent or severely reduced wall motion and 
systolic wall thickening, and with moderate-to- 
severe reduction of perfusion at rest. 


INDICATORS OF MYOCARDIAL VIABILITY 

There are several clinically reliable indicators 
that may be used, alone or in combination, to 
identify viable myocardium in patients with chronic 
LV dysfunction. These include regional wall mo- 
tion, regional systolic wall thickening, regional 
myocardial perfusion determined by perfusion trac- 
ers, and thallium-201 redistribution. However, via- 
ble myocardium can exist even in the absence of 
these indicators. This is particularly the case in the 
setting of myocardium hibernation, which, by defi- 
nition, is associated with sufficient reduction in 
perfusion at rest to produce diminished or absent 
wall motion or wall thickening.!~* Such regions may 
also show apparent lack of thallium redistribution 
following standard exercise-stress tests and thus 
may appear persistently fixed on redistribution 
images, despite the presence of viable myocardium 
viability. Numerous studies indicate that 
“irreversible” thallium defects significantly over- 
estimate the presence and severity of myocardial 
fibrosis.5-!? 

Gibson et alë provided evidence for the exist- 
ence of hibernating tissue by showing that roughly 
half of the irreversible thallium defects identified 
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on exercise-redistribution thallium studies improve 
after revascularization (Figure 1). This finding has 
been confirmed in a number of subsequent re- 
ports.”-'* Thus, standard exercise-redistribution 
thallium scintigraphy may not differentiate LV 
dysfunction arising from infarcted versus hibernat- 
ing myocardium. For this reason, many investiga- 
tors have shown great interest in the development 
of alternative methods, such as positron emission 
tomography (PET), to assess viable myocardium. 
PET can demonstrate the presence of preserved 
metabolic activity in viable myocardial regions with 
reduced blood flow.!*2! Several recent studies, 
however, have shown that modifications of the 
standard exercise-redistribution thallium protocol 
may produce useful, clinically accurate results with 
thallium-201 single-photon emission computed to- 
mography (SPECT). This review will focus on the 
use of these thallium methods to address the issue 
of myocardial viability. 


LATE THALLIUM REDISTRIBUTION IMAGING 

It is evident from several studies!!?*-*4 that late 
redistribution imaging (performed 8-72 hours fol- 
lowing the initial thallium injection at peak exer- 
cise) will demonstrate substantial redistribution in 
many defects that appear irreversible on a 3—4 hour 
redistribution image (Figure 2). For example, Kiat 
et al” evaluated 21 patients with thallium SPECT 
before and after myocardial revascularization with 
either coronary artery bypass grafting or percutane- 
ous transluminal coronary angioplasty. Thallium 
imaging was performed 15 minutes, 4 hours, and 
late (18-72 hours) after either exercise or pharma- 
cologic stress. In these patients, 61% of apparently 
nonreversible defects at 4 hours showed reversal 
on late redistribution images. The 4-hour redistri- 
bution images did not accurately predict which 
segments with perfusion defects would improve 
after revascularization: 67 (85%) of the 79 seg- 
ments showing redistribution at 4 hours as well as 
88 (72%) of the 122 segments with fixed defects at 
4 hours improved after revascularization (p = not 
significant). In contrast, the images taken at 18-72 
hours effectively subcategorized the 4-hour nonre- 
versible segments, enabling a more accurate predic- 
tion of improvement: 70 (95%) of the 74 segments 
showing late redistribution improved after interven- 
tion, whereas only 18 (37%) of the 48 late nonre- 
versible segments improved (p <0.0001). To opti- 
mize the assessment of the extent of viable 
myocardium by thallium-201, Kiat et al? recom- 
mend that late redistribution imaging be per- 


formed when apparently nonreversible defects are 
encountered on 4-hour redistribution images. 

In a separate study by the same investigators, 
Yang et al% assessed 118 patients using exercise- 
stress thallium SPECT to determine the frequency 
of late redistribution. All patients had >2 seg- 
ments with apparently nonreversible defects at 
4-hour imaging and underwent late redistribution 
imaging between 18 and 72 hours. In 62 patients 
(53%), >1 of the defects that were fixed at the 
4-hour redistribution imaging demonstrated late 
reversibility. In 41 patients (35%), > 2 fixed defects 
were reversed at late imaging. Of 449 segments 
classified as reversible by performing both initial, 
4-hour redistribution, and late redistribution imag- 
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FIGURE 1. Evidence for viable myocardium despite an irre- 
versible thallium defect in a patient studied by Gibson et 
al.® A: Left anterior oblique (LAO) planar thallium-201 im- 
ages are shown preoperatively (preop), indicating an irre- 
versible defect in the posterolateral wall, which is con- 
firmed by the count rates after exercise and at 1 hr and 2 
hr. B: The postoperative (postop) study shows normaliza- 
tion of thallium activity in the posterolateral wall. The 
ejection fraction in this patient increased from 50% be- 


fore operation to 65% after operation. Reprinted with per- 
mission of the American College of Cardiology.® 
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ing, 94% were also correctly identified by doing 
only initial and late imaging.” 

From these studies, it appears that late revers- 
ibility is frequent and may be evident in almost one 
half of patients with apparently irreversible defects 
on early (2-4 hour) redistribution. Late reversibil- 
ity, like 4-hour reversibility, appears to indicate 
ischemic and threatened myocardium. Its implica- 
tions in myocardial regions with asynergy are 
similar to those of early redistribution: viable 
myocardium exists and may possibly be salvaged 
through revascularization. If late reversible seg- 
ments remain undetected, viable segments may be 
indistinguishable from fibrotic segments, possibly 
altering clinical management decisions. 

Limitations of late redistribution imaging: 
The highly variable frequency of reversibility on 
late redistribution imaging that has been reported 
thus far in published series!!*?-*4 may arise from 
the small numbers of patients studied to date. 


Discordant results may also be explained, at least 
in part, by differences in patient populations. Late 
redistribution is more likely to occur in patients 
with normal or hypokinetic wall motion than those 
with akinesia or dyskinesia and in patients without, 
compared to those with, previous Q wave infarc- 
tion.!!? Late redistribution in ischemic areas also 
may be related to the severity of stenosis in the 
involved coronary artery.7* 

The mechanism for late redistribution may re- 
late to the initial low uptake of thallium in regions 
with severe ischemia during exercise. Although 
subtle redistribution may occur in these regions, 
reduced thallium activity may continue to mimic 
the appearance of scar tissue at 4-hour imaging. 
The rate of thallium delivery during the post- 
exercise period could also be delayed in regions 
supplied by critically stenosed coronary arteries. 

It is also possible that the redistribution of 
thallium depends in part on the subsequent serum 
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FIGURE 2. Effects of late redistribution imaging in a patient with 3-vessel coronary artery disease studied by Yang et 
al.24 Short axis thallium-201 SPECT images obtained post-stress (top row) show a large lateral and inferior wall defect, 
which persists at 4 hr but reverses nearly completely at 24 hr. Repeat imaging post-stress after coronary artery bypass 
surgery (bottom row) shows normal thallium uptake. Reprinted with permission of the American College of Cardiology.** 
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thallium concentration.” If serum thallium concen- 
tration decreases during the period between exer- 
cise and redistribution imaging, thallium delivery 
may be insufficient, resulting in persistent defects 
either at 4 hours or 24 hours, even though the 
underlying tissue is viable.” This suggests that 
some ischemic regions may never redistribute, even 
with late imaging, unless serum thallium levels are 
augmented. 

This concept is supported by data from several 
sources demonstrating that irreversible defects 
that persist even on late imaging continue to 
overestimate the presence and severity of myocar- 
dial fibrosis. Brunken et al” performed PET stud- 
ies in patients undergoing late redistribution imag- 
ing and demonstrated that 53% of persistent 
thallium defects, even on late imaging, are metabol- 
ically active. Kiat et al observed that 37% of 
irreversible defects on late imaging improve after 
revascularization. Finally, Kayden et al’ showed 
that 39% of irreversible defects at 24 hours mani- 
fest thallium uptake (that is, reversibility) when 
thallium is readministered at rest immediately 
after the 24-hour redistribution image. Thus, there 
are important limitations of late redistribution 
imaging. Late redistribution, when present, is highly 
predictive of viable myocardium; however, persis- 
tent defects on late imaging have very poor predic- 
tive accuracy. 


FIGURE 3. Effects of thallium rein- 
jection. Short axis thallium 
SPECT images after exercise 
(top) show extensive abnormali- 
ties in anterior, septal, inferior, 
and inferolateral perfusion. The 
septal defect partially reverses 
on 4 hr redistribution images 
(middle) , but the other defects 
persist. All regions improve sub- 
stantially after reinjection (bot- 
tom), with the exception only of 
the basal portion of the inferolat- 
eral wall, which remains irrevers- 
ible. Reprinted with permission of 
W.B. Saunders Company.’. 


THALLIUM REINJECTION IMAGING 

The limitations of early and late redistribution 
imaging in identifying viable myocardium, when 
thallium is initially administered during exercise or 
pharmacologic stress, have led to the current inter- 
est in thallium reinjection techniques. In the past 
few years, several studies have reported the useful- 
ness of thallium reinjection in determining myocar- 
dial viability. We studied 100 patients with coro- 
nary artery disease using exercise-stress thallium 
SPECT.” Standard redistribution images were ob- 
tained 3-4 hours following exercise, after which a 
second dose of thallium was administered. Of the 
260 abnormal myocardial regions identified by 
stress imaging, 85 (33%) were irreversible on 
redistribution imaging, using a quantitative analy- 
sis of regional thallium activity. However, 42 (49%) 
of these apparently irreversible defects showed 
improved or normal thallium activity after thallium 
reinjection (Figure 3). These results have been 
confirmed by numerous other investigators. !27530% 

Effects of myocardial revascularization: The 
results of thallium reinjection have a high predic- 
tive accuracy for identifying viable myocardium, as 
judged by the improvement in regional LV func- 
tion after myocardial revascularization. In our 
original experience,” 20 patients were restudied by 
radionuclide angiography and thallium scintigra- 
phy 3-6 months after coronary angioplasty. Of 15 
myocardial regions on the pre-angioplasty studies 
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with irreversible defects on redistribution images 
but enhanced thallium activity with reinjection, 13 
(87%) had normal thallium uptake and improved 
regional wall motion after angioplasty. In contrast, 
all 8 regions with irreversible defects on reinjection 
imaging before angioplasty had abnormal thallium 
uptake and abnormal regional wall motion that 
persisted after angioplasty. Similar findings were 
reported by Ohtani et al'* in a series of 23 patients, 
and more recently by Coleman et al? in a series of 
18 patients. 

Timing of imaging after reinjection: Onc issue 
regarding the thallium reinjection approach is the 
timing of imaging after reinjection. In theory, 
delaying imaging for several hours after reinjection 
would allow the reinjected dose to itself redistrib- 
ute, thereby enhancing the detection of viable 
myocardium. However, this could create logistical 
difficulties by necessitating image acquisition very 
late on the day of testing or early the following day. 
We therefore determined whether imaging 24 
hours after thallium reinjection provided addi- 
tional information regarding tissue viability beyond 
that obtained by imaging shortly after reinjection.*4 
We studied 50 patients, all of whom underwent a 
series of 4 thallium image acquisitions: stress, 3-4 
hour redistribution, reinjection at 3-4 hours, and 
24-hour redistribution. Of 127 initially abnormal 
myocardial regions on the stress images, 55 had 
persistent defects on redistribution imaging, of 
which 25 (45%) demonstrated improved thallium 
uptake after reinjection. At 24 hours, 23 of the 25 
regions (92%) showing increased thallium uptake 
at reinjection showed no further improvement. 
Similarly, of the 30 regions determined to have 
irreversible defects after reinjection, 29 (97%) 
remained irreversible on 24-hour images. Quantita- 
tive analysis confirmed these findings. The mean 
normalized thallium activity in regions affected by 
reinjection increased from 57 + 13% at redistribu- 
tion to 70 + 14% after reinjection, but did not 
change at 24 hours (71 + 14%). Similarly, among 
regions that had irreversible defects on both the 
early redistribution (51 + 22%) and reinjection 
(54 + 20%) studies, thallium activity was unal- 
tered (58 + 17%) on the 24-hour study. Only 4 
regions, involving 3 patients, showed improved 
thallium activity at 24 hours as evidence of viability 
that was not apparent on either the early redistribu- 
tion or the reinjection images. Thus, these data 
indicate that thallium reinjection after 3—4 hours of 
redistribution provides most of the clinically rele- 
vant information pertaining to myocardial viability 





in regions with apparently irreversible thallium 
defects on early redistribution studies.*4 

However, the need for 3 sets of images (stress, 
redistribution, and reinjection) in a single day 
presents potential logistic difficulties. For this rea- 
son, alternative methods involving 2 imaging ses- 
sions have been explored. Kiat et al% investigated 
whether the early reinjection of thallium immedi- 
ately following post-stress imaging would surmount 
this problem, by allowing the reinjected thallium 
dose to redistribute along with the initial dose 
injected during stress. A single 3—4 hour redistribu- 
tion image might then incorporate both the redistri- 
bution and reinjection information. This would 
allow the acquisition of only 2, rather than 3, sets of 
images. Such an approach has obvious appeal, as it 
would simplify the logistics of patient flow in a busy 
nuclear cardiology laboratory. The results of this 
early reinjection protocol, however, demonstrated 
no real advantages.’ The frequency of late revers- 
ibility at 24-72 hours in myocardial regions with 
irreversible defects at 3—4 hours was similar with 
this early reinjection protocol to that observed with 
standard thallium-201 SPECT studies without rein- 
jection. An early reinjection protocol, therefore, 
has not been proven to be an effective technique 
for assessing myocardial viability. 

Thallium reinjection versus thallium redistri- 
bution: Because of the practical difficulties that 
arise in obtaining both redistribution and reinjec- 
tion images in a large number of patients, many 
nuclear cardiology laboratories have adopted the 
practice of routinely replacing redistribution im- 
ages with reinjection images at 3-4 hours. This 
approach, in which only 2 sets of images are 
acquired, simplifies imaging protocols and results 
in no change in patient flow compared to the 
pre-reinjection era. However, there is an important 
limitation of this approach that should be empha- 
sized. It is true that this stress-reinjection protocol 
will provide accurate information regarding viabil- 
ity in most patients who would have had irrevers- 
ible defects on standard redistribution images. 
However, in a number of patients with reversible 
defects on 3—4 hour redistribution images, reinjec- 
tion causes an apparent “washout” of thallium in 
the ischemic zone? which in some patients will 
result in the appearance of irreversible defects 
when only the stress and reinjection images are 
compared.*° A reinjection image represents the 
superimposition of a resting perfusion image on a 
redistribution image. If flow is significantly reduced 
at rest in a vascular territory, which is likely to 
occur in patients with hibernating myocardium, the 
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differential uptake of thallium after reinjection in 
the normally perfused zones relative to the isch- 
emic zones may result in the reappearance of a 
perfusion defect in a region with a reversible defect 
on standard redistribution images. In support of 
this concept, patients who are likely to demon- 
strate this phenomenon are those with viable tissue 
that is totally dependent on collateral blood flow.*° 
In our experience, roughly 25% of patients with LV 
dysfunction who have reversible thallium defects 
on 3—4 hour redistribution studies will manifest this 
apparent washout phenomenon.” This has impor- 
tant implications, as the lack of a redistribution 
study in such patients will not only underestimate 
the presence and extent of viable tissue, but will 
also miss the important diagnostic and prognostic 
information stemming from evidence of inducible 
myocardial ischemia. The frequency of this finding 
is likely to vary considerably among laboratories 
depending on patient selection factors, but the 
possibility of a differential uptake effect should be 
considered if redistribution imaging is not per- 
formed. 

In those patients in whom apparent thallium 
“washout” develops with reinjection because of the 
differential uptake of thallium, further redistribu- 
tion of thallium does occur after reinjection, and 
this may be detected by a subsequent late redistri- 
bution image the next day.*° That is, regions that 
manifest thallium redistribution between stress 
and 3-4 hours, but then have differential uptake 
with reinjection favoring the normal zones over the 
ischemic zones (causing the appearance of 
“washout’’), will redistribute again over the next 
several hours after reinjection. In these patients, 
relative regional thallium activities on late redistri- 
bution studies are similar to those 3-4 hours.*® 
These data indicate that there are 2 imaging 
protocols that will be effective in delineating both 
inducible myocardial ischemia and myocardial via- 
bility: stress—redistribution—reinjection imaging or 
stress—reinjection—late redistribution imaging. In 
either protocol, the third study is necessary only if 
irreversible defects are encountered on the second 
study. 

Evidence that reinjection identifies viable 
myocardium: Several lines of evidence support the 
conclusion that the uptake of thallium after reinjec- 
tion represents viable myocardium. First, as dis- 
cussed previously, thallium reinjection results have 
a high positive and negative predictive accuracy 
regarding improvement in regional LV function 
several months after revascularization.'*?*> These 
revascularization results are comparable to the 


predictive accuracies that have been reported in 
studies using metabolic PET imaging. 57! 

Second, in patients with chronic coronary artery 
disease and LV dysfunction who have been studied 
by both thallium reinjection and PET imaging with 
the positron emitter [!F]fluorodeoxyglucose 
(FDG), the vast majority of segments with thallium 
defects that were identified as viable by reinjection 
also had FDG uptake,*’“° thus providing meta- 
bolic evidence for myocardial viability. In fact, the 
overall concordance between thallium reinjection 
and PET results has been excellent. These latter 
PET results also underscore the importance of 
using quantitative analysis of regional thallium 
activity, rather than mere qualitative reading of 
thallium images, for assessment of viability. In 
mild-to-moderate irreversible thallium defects (with 
thallium activity measuring >50% of activity in 
normal territories), >90% of regions manifest 
metabolic activity, independent of the results of 
thallium reinjection.*’*! It is in severe thallium 
defects (<50% of normal activity) that viability is 
in question. In severe thallium defects, thallium 
reinjection results are concordant with the results 
of PET imaging regarding viability versus nonviabil- 
ity in > 80% of myocardial regions.*”*! 

Finally, comparison of regional thallium activ- 
ity, before and after thallium reinjection, with 
indices of regional systolic wall thickening by mag- 
netic resonance imaging"! indicates that the major- 
ity of regions identified as viable by thallium 
scintigraphy have preserved wall thickening, which 
is an accepted standard for viability. Patients in this 
study also underwent PET imaging. Importantly, in 
regions with absent wall thickening, in which the 
myocardium was either fibrotic or hibernating,“ 
there was an excellent concordance regarding the 
presence or absence of tissue viability between the 
results of thallium reinjection and assessment of 
metabolic activity by PET.*! These data indicate 
that thallium reinjection is a convenient, clinically 
accurate, and relatively inexpensive method with 
which to identify viable myocardium in patients 
with chronic coronary artery disease and LV dys- 
function. 


REST—REDISTRIBUTION THALLIUM IMAGING 
The demonstration of exercise-induced isch- 
emia in a patient with LV dysfunction has impor- 
tant prognostic implications that under most condi- 
tions identify that patient as a candidate for 
revascularization therapy. Thus, exercise—redistri- 
bution-reinjection thallium protocols are attrac- 
tive, as they provide important information regard- 
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ing both jeopardized myocardium and viable 
myocardium. However, in many patients the sole 
clinical issue to be addressed is the viability of one 
or more regions of dysfunctional LV myocardium, 
and not whether there is also inducible ischemia. 
In such patients, rest-redistribution thallium imag- 
ing is a practical approach that can yield accurate 
viability data. It is essential to obtain not only 
initial images (indicating regional perfusion) but 
also subsequent redistribution images. Although 
early thallium studies*** yielded mixed results 
regarding the predictive accuracy of rest-redistribu- 
tion imaging, recent studies (published thus far 
principally as abstracts) indicate that a quantitative 
analysis of regional thallium activity in rest- 
redistribution studies predicts recovery of regional 
LV function* and compares favorably to the re- 
sults of thallium exercise—-reinjection imaging and 
metabolic PET imaging.*’* 


CLINICAL IMPLICATIONS 

The identification of viable myocardium has 
become an area of intense interest for several 
reasons. Among these is the rather unique poten- 
tial of nuclear cardiology techniques to distinguish 
viable regions on the basis of perfusion, cell mem- 
brane integrity, and metabolic activity, thereby 
providing greater precision than can be achieved 
by assessment of regional anatomy or function. 
However, it must be emphasized that there are 
unresolved issues regarding the clinical applica- 
tions of such techniques.” First, larger scale stud- 
ies comparing PET and thallium-201, using reinjec- 
tion techniques or resting injections, are required 
in patients undergoing revascularization to deter- 
mine the relative efficacy of these two methods in 
identifying viable myocardium. There may be a 
number of patients in whom PET provides more 
accurate and complete data than can be accom- 
plished using thallium imaging, but this number is 
not yet defined. Second, the use of dobutamine 
echocardiography to unmask contractile reserve in 
regions with resting dysfunction is an exciting 
approach,**? and further studies are required to 
assess the efficacy of this approach versus that of 
the scintigraphic methods. Third, further informa- 
tion is also required to determine the efficacy of 
technetium-99m sestamibi SPECT imaging relative 
to these other modalities in assessing myocardial 
viability.>234 Finally, although roughly 85% of 
dysfunctional myocardial regions identified as via- 
ble by these various imaging techniques may im- 
prove after revascularization, it is unlikely that this 
will actually lead to clinical benefit in 85% of 
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patients. Whether or not a clinically relevant change 
in ventricular performance occurs, and whether 
this translates into improved lifestyle and progno- 
sis, will depend upon a number of factors, many of 
which are only poorly defined at present. The 
amount of dysfunctional but viable myocardium 
certainly is one such factor. At the current time, 
the identification of viable myocardium is not in 
and of itself an indication for revascularization. As 
in any other patient with coronary artery disease, 
this decision should be based on clinical presenta- 
tion, coronary anatomy, left ventricular function, 
and evidence of inducible ischemia. The knowl- 
edge that a large region of left ventricular myocar- 
dium is viable rather than irreversibly damaged will 
aid in this decision-making process, but it should 
not be the primary indication for revascularization. 


REFERENCES 

1. Rahimtoola SH. Coronary bypass surgery for chronic angina—1981: A per- 
spective. Circulation 1982:65:225-241. 

2. Braunwald E, Rutherford JD. Reversible ischemic left ventricular dysfunction: 
Evidence for “hibernating” myocardium. J Am Coll Cardiol 1986;8:1467-1470. 
3. Rahimtoola SH. The hibernating myocardium. Am Heart J 1989;117:211- 
213. 

4. Rozanski A, Bernard D, Gray R, Diamond G, Raymond M, Prause J, 
Maddahi J, Swan HJC, Matloff J. Preoperative prediction of reversible myocar- 
dial asynergy by postexercise radionuclide ventriculography. N Engl J Med 
1982;307:212-213. 

5. Brundage BH, Massie BM, Botvinick EH. Improved regional ventricular 
function after successful surgical revascularization. J Am Coll Cardiol 1984;3:902- 
908. 

6. Dilsizian V, Bonow RO, Cannon RO, Tracy CM, Vitale DF, McIntosch CL, 
Clark RE, Bacharach SL, Green MV. The effect of coronary artery bypass 
grafting on left ventricular systolic function at rest: Evidence for preoperative 
subclinical myocardial ischemia. Am J Cardiol 1988;61:1248-1254. 

7. Bonow RO, Dilsizian V: Thallium-201 for assessing myocardial viability. 
Semin Nucl Med 1991;21:230-241. 

8. Gibson RS, Watson DD, Taylor GJ, Crosby IK, Wellons HL, Holt ND, 
Beller GA. Prospective assessment of regional myocardial perfusion before and 
after coronary revascularization surgery by quantitative thallium-201 scintigra- 
phy. J Am Coll Cardiol 1983;1:804-815. 

9. Liu P, Kiess MC, Okada RD, Block PC, Strauss HW, Pohost GM, Boucher 
CA. The persistent defect on exercise thallium imaging and its fate after 
myocardial revascularization: Does it represent scar or ischemia? Am Heart J 
1985;110:996-1001. 

10. Manyari DE, Knudtson M, Kloiber R, Roth D, Sequential thallium-201 
myocardial perfusion studies after successful percutaneous transluminal coro- 
nary artery angioplasty: Delayed resolution of exercise induced scintigraphic 
abnormalities. Circulation 1988;77:86-95. 

11 Cloninger KG, DePuey EG, Garcia EV, Roubin GS, Robbins WL, Nody 
A, DePasquale EE, Berger HJ. Incomplete redistribution in delayed thallium- 
201 single photon emission computed tomographic (SPECT) images: An overes- 
timation of myocardial scarring. J Am Coll Cardiol 1988;12:955-963. 

12. Ohtani H, Tamaki N, Yonekura Y, Mohiuddin IH, Hirata K, Ban T, 
Konishi J. Value of thallium-201 reinjection after delayed SPECT imaging for 
predicting reversible ischemia after coronary artery bypass grafting. Am J 
Cardiol 1990;66:394-399. 

13. Schelbert HR, Phelps ME, Hoffman E, Huang SC, Kuhl DE. Regional 
myocardial blood flow, metabolism, and function assessed noninvasively with 
positron emission tomography. Am J Cardiol 1980;80:1269-1277. 

14. Marshall RC, Tillisch JH, Phelps ME, Huang SC, Carson R, Henze E, 
Schelbert HR. Identification and differentiation of resting myocardial ischemia 
and infarction in man with positron computed tomography,'*F-labeled fluorode- 
oxyglucose and N-13 ammonia. Circulation 1983;67:766-778. 

15. Tillisch JH, Brunken R, Marshall R, Schwaiger M, Mandelkorn M, Phelps 
M, Schelbert H. Reversibility of cardiac wall-motion abnormalities predicted by 
positron tomography. N Engl J Med 1986;314:884-888. 


16E THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 70 NOVEMBER 5, 1992 


a rer F WSS] IR tS R 
7 g x eer Ft J R AO = v a, ER we : +i i Ẹ Ere -~ TFP nE "y S 
`~ 7 r 4 i i = P p" LÀ - > 


16. Brunken R, Tillisch J, Schwaiger M, Child JS, Marshal! R, Mandelkorn M, 
Phelps ME, Schelbert HR. Regional perfusion, glucose metabolism, and wall 
motion in patients with chronic electrocardiographic Q wave infarctions: Evi- 
dence for persistence of viable tissue in some infarct regions by positron 
emission tomography. Circulation 1986;73:95 1-963. 

17. Brunken R, Schwaiger M, Grover-McKay M, Phelps ME, Tillisch J, Schel- 
bert HR. Positron emission tomography detects tissue metabolic activity in 
myocardial segments with persistent thallium perfusion defects. J Am Coll 
Cardiol 1987;10:557-567. 

18. Tamaki N, Yonekura Y, Yamashita K, Senda M, Saji H, Hashimoto T, 
Fudo T, Kambara H, Kawai C, Ban T, Konishi J. Relation of left ventricular 
perfusion and wall motion with metabolic activity in persistent defects on 
thallium-201 tomography in healed myocardial infarction. Am J Cardiol 1988;62: 
202-208. 

19. Schelbert HR, Buxton D. Insights into coronary artery disease gained from 
metabolic imaging. Circulation 1988;78:496-50S. 

20. Brunken RC, Kottou S, Nienaber CA, Schwaiger M, Ratib OM, Phelps 
ME, Schelbert HR. PET detection of viable tissue in myocardial segments with 
persistent defects at Tl-201 SPECT. Radiology 1989;65:65-73. 

21. Tamaki N, Yonekura Y, Yamashita K, Saji H, Magata Y, Senda M, 
Konishi Y, Hirata K, Ban T, Konishi J. Positron emission tomography using 
fluorine-18 deoxyglucose in evaluation of coronary artery bypass grafting. Am J 
Cardiol 1989;64:860-865. 

22. Gutman J, Berman DS, Freeman M, Rozanski A, Maddahi J, Waxman A, 
Swan HJC. Time to completed redistribution of thallium-201 in exercise myocar- 
dial scintigraphy: Relationship to the degree of coronary artery stenosis. Am 
Heart J 1983;106:989-995, 

23. Kiat H, Berman DS, Maddahi J, Yang LD, Van Train K, Rozanski A, 
Friedman J. Late reversibility of tomographic myocardial thallium-201 defects: 
An accurate marker of myocardial viability. J Am Coll Cardiol 1988;12:1456- 
1463. 

24. Yang LD, Berman DS, Kiat H, Resser KJ, Friedman JD, Rozanski A, 
Maddahi J. The frequency of late reversibility in SPECT thallium-201 stress- 
redistribution studies. J Am Coll Cardiol 1990;15:334-340. 

25. Budinger TF, Pohost GM. Thallium “redistribution”—An explanation. (Ab- 
str.) J Nucl Med 1986;27:996. 

26. Budinger TF, Knittel BL. Cardiac thallium redistribution and model. (Ab- 
str.) J Nucl Med 1987;28:588. 

27. Brunken RC, Mody FV, Hawkins RA, Phelps ME, Schelbert HR. Positron 
emission tomography detects glucose metabolism in segments with 24 hour 
tomographic thallium defects. (Abstr.) Circulation 1988;78(SuppIl II):1I-91.. 

28. Kayden DS, Sigal S, Soufer R, Mattera J, Zaret BL, Wackers FThJ: 
Thallium-201 for assessment of myocardial viability: Quantitative comparison of 
24-hour redistribution imaging with imaging after reinjection at rest. J Am Coll 
Cardiol 1991;18:1480-1486. 

29. Dilsizian V, Rocco TP, Freedman NMT, Leon MB, Bonow RO. En- 
hanced detection of ischemic but viable myocardium by the reinjection of 
thallium after stress-redistribution imaging. N Engl J Med 1990;323:141-146. 
30. Rocco TP, Dilsizian V, McKusick KA, Fischman AJ, Boucher CA, Strauss 
HW. Comparison of thallium redistribution with rest “reinjection” imaging for 
detection of viable myocardium. Am J Cardiol 1990;66:158-163. 

31. Tamaki N, Ohtani H, Yonekura Y, Nohara R, Kambara H, Kawai C, 
Hirata K, Ban T, Konishi J. Significance of fill-in after thallium-201 reinjection 
following delayed imaging: Comparison with regional wall motion and angio- 
graphic findings. J Nucl Med 1990;31:1617-1623. 

32. Cuocolo A, Pace L, Ricciardelli B, Chiariello M, Trimarco B, Salvatore M. 
Identification of viable myocardium in patients with chronic coronary artery 
disease: comparison of thallium-201 scintigraphy with reinjection and technetium- 
99m methoxyisobutyl isonitrile. J Nucl Med 1992;33:505-511. 

33. Coleman PS, Metherall JA, Pandian NG, Shea NL, Oates E, Konstan 
MA, Udelson JE. Predicting enhanced regional ventricular function post- 
revascularization: comparison of thallium-201 and sestamibi in patients with 
left ventricular dysfunction. (Abstr.) Circulation 1992 (in press). 

34. Dilsizian V, Smeltzer WR, Freedman NMT, Dextras R, Bacharach SL, 
Bonow RO. Thallium reinjection after stress-redistribution imaging: Does 24 
hour delayed imaging following reinjection enhance detection of viable myocar- 
dium? Circulation 1991;83:1247-1255. 

35. Kiat H, Friedman JD, Wang FP, Van Train KF, Maddahi J, Takemoto K, 
Berman DS. Frequency of late reversibility in stress—redistribution thallium-201 
SPECT using an early reinjection protocol, Am Heart J 1991;122:613-619. 

36. Dilsizian V, Bonow RO. Differential uptake and apparent thallium-201 
“washout” after thallium reinjection: options regarding early redistribution 


ys 4A fe aya Pye Se! + 
1 = oae ES ra- on f 





"e 


imaging before reinjection or late redistribution imaging after reinjection. Circu- 
lation 1992;85:1032-1038. 

37. Bonow RO, Dilsizian V, Cuocolo A, Bacharach SL. Identification of viable 
myocardium in patients with chronic coronary artery disease and left ventricu- 
lar dysfunction: comparison of thallium-201 with reinjection and PET imaging 
with '*F-fluorodeoxyglucose. Circulation 1991;83:26-37. 

38. Tamaki N, Ohtani H, Yamashita K, Magata Y, Yonekura Y, Nohara R, 
Kambara H, Kawai C, Hirata K, Ban T, Konishi J. Metabolic activity in the 
areas of new fill-in after thallium-201 reinjection: comparison with positron 
emission tomography using fluorine-18-deoxyglucose. J Nucl Med 1991;32:673- 
678. 

39. Dilsizian V, Freedman NMT, Bacharach SL, Perrone-Filardi P, Bonow 
RO. Regional thallium uptake in irreversible defects: magnitude of change in 
thallium activity after reinjection distinguishes viable from nonviable myocar- 
dium. Circulation 1992;85:627-634. 

40. Marin-Neto JA, Dilsizian V, Perrone-Filardi P, Bacharach SL, Maurea S, 
Arrighi JA, Bonow RO. Detection of viable myocardium by thallium-201 
compared to PET in patients with moderate versus severe ischemic left ventric- 
ular dysfunction. J Am Coll Cardiol 1992;19:22A. 

41. Perrone-Filardi P, Bacharach SL, Dilsizian V, Maurea S, Frank JA, Bonow 
RO. Regional left ventricular wall thickening: relation to regional uptake of 
'8F-fluorodeoxyglucose and thallium-201 in patients with chronic coronary ar- 
tery disease and left ventricular dysfunction. Circulation 1992;86:1125—1137. 

42. Perrone-Filardi P, Bacharach SL, Dilsizian V, Maurea S, Marin-Neto JA, 
Arrighi JA, Frank JA, Bonow RO. Metabolic evidence of viable myocardium 
in regions with reduced wall thickening and absent wall thickening in patients 
with chronic ischemic left ventricular dysfunction. J Am Coll Cardiol 1992;20:161- 
168. 

43. Berger BC, Watson DD, Burwell LR, Crosby IK, Wellons HA, Teates CD, 
Beller GA. Redistribution of thallium at rest in patients with stable and 
unstable angina and the effect of coronary artery bypass surgery Circulation 
1979;60:1114-1125. 

44, Iskandrian AS, Hakki A, Kane SA, Goel IP, Mundth ED, Hakki A, Segal 
BL. Rest and redistribution thallium-201 myocardial scintigraphy to predict 
improvement in left ventricular function after coronary artery bypass grafting. 
Am J Cardiol 1983;51:1312-1316. 

45. Mori T, Minamiji K, Kurogane H, Ogawa K, Yoshida Y. Rest-injected 
thallium-201 imaging for assessing viability of severe asynergic regions. J Nucl 
Med 1991;32:1718-1724. 

46. Ragosta M, Beller GA, Watson DD, Kaul S, Gimple LW. Can resting 
thallium-201 imaging predict improvement after revascularization in patients 
with severely reduced left ventricular function? (Abstr.) Circulation 1991; 
84(suppl I1):II-89. 

47. Dilsizian V, Bacharach SL, Perrrone-Filardi P, Arrighi JA, Maurea S, 
Bonow RO. Concordance and discordance between rest-redistribution thallium 
imaging and thallium reinjection after stress-redistribution imaging: Compari- 
son with metabolic activity by PET. (Abstr.) Circulation 1991;84 (suppl I1):II- 
89. 

48. Perrone-Filardi P, Dilsizian V, Maurea S, Bacharach SL, Arrighi JA, 
Marin-Neto JA, Frank JA, Bonow RO. Rest-redistribution thallium scintigra- 
phy for identifying viable myocardium: Relation to regional function and meta- 
bolic activity. (Abstr.) Circulation 1991;84(suppl I1):1I-474. 

49. Dilsizian V, Bonow RO. Current diagnostic techniques of assessing myocar- 
dial viability in hibernating and stunned myocardium. Circulation (in press). 

50. Pierard LA, De Lansheere CM, Berthe C, Rigo P, Kulbertus HA. Identifi- 
cation of viable myocardium by echocardiography during dobutamine infusion 
in patients with myocardial infarction after thrombolytic therapy: Comparison 
with positron emission tomography. J Am Coll Cardiol 1990;15:1021-1031. 

51. Barilla F, Gheorghiade M, Alam M, Khaja F, Goldstein S. Low-dose 
dobutamine in patients with acute myocardial infarction identifies viable but 
not contractile myocardium and predicts the magnitude of improvement in wall 
motion abnormalities in response to coronary revascularization. Am Heart J 
1991;122:1522-1531. 

52. Smart S, Sawada S, Ryan T, Atherton L, Segar DS, Bourdillon P, Arm- 
strong WF, Feigenbaum H. Dobutamine echocardiography predicts recovery 
after thrombolysis in myocardial infarction. (Abstr.) Circulation 1990;82 (suppl 
II1):1-74. 

53. Rocco TP, Dilsizian V, Strauss HW, Boucher CA. Technetium-99m isoni- 
trile myocardial uptake at rest. II. Relation to clinical markers of potential 
viability. J Am Coll Cardiol 1989;14:1678-1684. 

54. Bonow RO, Dilsizian V. Thallium-201 and technetium-99m-sestamibi for 
assessing viable myocardium. J Nucl Med 1992;33:815-818. 


A SYMPOSIUM: CARDIAC IMAGING 17E 


u Tae oe ee Ten AR Wor = AEA 





Pe 





E a A N 


t 





- 


ws OS U et 


fire 
"e 


\ 
> 


á 4 ` 
N y TN 


Ba, “al 4 a 
Pm Ben te OL Loe 


Ar 


A 2 Pan 
E A 


y 
bs 


p 
J amd 


ie Aal a ARA a 


-= 
ti 


Myocardial Thallium-201 Scintigraphy for 
Assessment of Viability in Patients with Severe 
Left Ventricular Dysfunction 
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Many patients with ischemic heart disease and 
depressed left ventricular (LV) function have 
asynergic zones with sustained microcirculatory 
perfusion and myocardial metabolic activity that 
exhibit improved systolic function after coronary 
revascularization. The 2 predominant noninvasive 
techniques used to determine myocardial viabil- 
ity in patients with severely depressed LV func- 
tion are thallium-201 (7°/Tl) scintigraphy and 
positron emission tomography (PET). Myocardial 
extraction of 2°‘Tl is unaltered under experimen- 
tal conditions of myocardial stunning or short- 
term hibernation (characterized by decreased 
flow and ischemic dysfunction). Akinetic or dyski- 
netic LV wall segments can exhibit normal or near 
normal 2°{Tl uptake as long as some residual flow 
is present. 21T scintigraphy can identify viable 
asynergic segments when performed on patients 
with severe coronary artery disease who are in 
the resting state. Many of these patients have 
initial resting defects that demonstrate delayed 
redistribution, or mild persistent defects that 
show improved perfusion and function after re- 
vascularization. There is a direct correlation be- 
tween the extent of 2°/Tl uptake in zones of se- 
vere regional myocardial asynergy and the 
magnitude of improvement in resting LV ejection 
fraction after coronary bypass surgery. Rest 2°"Tl 
scintigraphy may help in the selection of patients 
with coronary artery disease and severely de- 
pressed LV function who would benefit the most 
from revascularization. 

(Am J Cardiol 1992;70:18E—22E) 
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any patients with ischemic heart disease 
Me depressed left ventricular (LV) func- 

tion have asynergic zones with sustained 
metabolic activity that exhibit improved systolic 
function after coronary revascularization.'~ In pa- 
tients with chronic, stable, coronary artery disease, 
these resting asynergic segments have been desig- 
nated as “hibernating.” An accurate, noninvasive 
determination of myocardial viability in such re- 
gions of abnormal function is critically important to 
the practicing physician, because it can assist in 
clinical decision making and help to identify pa- 
tients who will benefit from revascularization, as 
opposed to patients with LV dysfunction due to 
irreversible myocardial cellular injury, who are not 
expected to demonstrate improved regional myocar- 
dial perfusion and function after coronary bypass 
surgery or angioplasty. Noninvasive techniques 
that measure global and regional function (e.g., 
echocardiography and radionuclide angiography) 
are not as useful in determining myocardial viabil- 
ity in hibernating myocardial zones as are tech- 
niques that assess preserved cellular cationic trans- 
port (Ca**+, K+, Na+) or metabolism. 

Thallium-201 (T!) scintigraphy>’ and positron 
emission tomography (PET) with simultaneous 
evaluation of flow and ['*F]fluorodeoxyglucose 
(FDG) metabolism, respectively,!™!? are currently 
the most widely used noninvasive techniques for 
the determination of myocardial viability in pa- 
tients with severely depressed LV function. 7°'T] 
scintigraphy, performed solely in the resting state, 
may be the most clinically useful approach for 
distinguishing between viable and nonviable myo- 
cardial regions in patients with chronic ischemic 
heart disease and depressed LV function and in 
those who exhibit clinical manifestations of conges- 
tive heart failure.!*'® 


MECHANISM AND DETERMINANTS OF 
MYOCARDIAL THALLIUM-201 UPTAKE 

21T] is a monovalent cation that is predomi- 
nantly transported by active processes utilizing the 
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sodium potassium adenosine triphosphatase 
(Na*,K*-ATPase) system. After intravenous injec- 
tion, the uptake of *?'Tl by myocardial tissue is 
proportional to regional blood flow and the T] 
“extraction fraction.” (The first-pass extraction 
fraction is the percentage of a ITI dose entering 
the coronary circulation that is taken up by myocar- 
dial cells on first transit.) Under normal conditions, 
the extraction fraction is in the range of 85%. If 
WIT] imaging is to be a useful technique for 
determination of myocardial viability, it must be 
shown that it is normally extracted when there is 
hibernation or postischemic myocardial stunning. 

In previous studies, Moore et al! and Sinusas et 
al” sought to determine the transport kinetics of 
WIT] under experimental conditions of myocardial 
stunning and short-term hibernation. 

In an experimental canine model of stunned 
myocardium, Moore et al!’ showed that ?°'T] up- 
take and washout kinetics were unaltered. This was 
characterized by severe systolic dysfunction ob- 
served after repetitive, brief periods of coronary 
occlusion. To produce myocardial stunning, open- 
chest dogs with a critical left anterior descending 
(LAD) coronary stenosis underwent 10 5-minute 
periods of total LAD occlusion, each interspersed 
with 10 minutes of reflow through the critical 
stenosis. Figure 1 (top) shows the serial changes in 
systolic thickening in the LAD zone during the 
course of this experiment, compared with measure- 
ments of systolic thickening in a comparable group 
of control dogs that had a critical LAD stenosis but 
did not undergo the stunning procedure. In the 
stunned dogs, systolic thickening in the LAD zone 
fell to 0.4 + 2.4% at the 10th 5-minute period of 
LAD occlusion, compared with 32 + 2% thicken- 
ing in control dogs. Despite this virtual akinesis in 
the LAD zone, the first-pass extraction fraction of 
21T] was 0.78, a value identical to that measured in 
control animals (Figure 1, bottom). The mean 
washout rate for both stunned and control dogs 
showed no significant differences in either the fast 
or slow components of the washout curve. Thus, 
these data indicate that myocardial stunning pro- 
duces severe, postischemic LV dysfunction and is 
associated with normal uptake and washout trans- 
port kinetics of 1T] administered via the intracor- 
onary route. 

In another canine model of stunning character- 
ized by 15 minutes of total LAD occlusion followed 
by reperfusion, Sinusas et al% confirmed the results 
of Moore et al.!? In the model used by Sinusas et al, 
WIT] uptake was unaltered by stunning. In addi- 
tion, Sinusas and colleagues also examined %'T] 


uptake in a chronic low-flow canine model of 
short-term hibernation. In this investigation, coro- 
nary blood flow was reduced by 38% and distal 
coronary pressure was reduced by 45%. This pro- 
duced severe systolic dysfunction and was also 
associated with preserved *"'T] uptake. Several 
other studies, however, have indicated that ne- 
crotic myocardial cells cannot sequester 7°'T1.2!-4 
Taken together, these experimental data sug- 
gest that intracellular extraction of 7°'T] is not 
impeded unless there is a reduction in blood flow 
preventing delivery of the radionuclide to the cell 
or there is irreversible sarcolemmal membrane 
injury that prevents 7°'T1 extraction. The experimen- 
tal literature indicates that hibernation states alone, 
and myocardial stunning after brief periods of 
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FIGURE 1. Top: Serial changes in percentage of myocar- 
dial thickening in stunned (open bars) and control (shaded 
bars) dogs at baseline (BASE), after creation of a critical 
left anterior descending coronary artery (LAD) stenosis 
(STEN), after the 5th 5-minute LAD occlusion and reperfu- 
sion (R-5), after the 10th 5-minute LAD occlusion and re- 
perfusion (R-10), and 40 minutes after the 10th occlusion 
(R-10E). Stunning was produced by 10 5-minute LAD occlu- 
sions, each interspersed by 10 minutes of reflow. Control 
dogs underwent the LAD stenosis only and were serially 
assessed. Bottom: Bar graph showing first-pass thallium- 
201 (21T) extraction fractions in stunned (open bars) and 
control (shaded bars) dogs at time defined in top graph. 
Note no alteration in 2°/Tl extraction at R-10 and R-10E 
despite severe reduction in systolic thickening. (Reprinted 
with permission from Circulation.**) 
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FIGURE 2. Comparison of preoperative (Pre-op; left) and 
postoperative (Post-op; right) segmental thallium-201 
(2°1T1) uptake in 22 patients with severe stable or unstable 


angina undergoing rest 2°'Tl scintigraphy. Number of nor- 
redistribution 


mal (N) segments, segments (RD), and seg- 
ments with persistent defects (PD) are shown in boxes. 
improvement in initial 2°‘Tl uptake after bypass surgery is 
reflected by number of segments improving one grade. 
(Reprinted with permission from Circulation.) 


transient coronary occlusion, do not inhibit 7°'T] 
extraction as long as there is some preservation of 
blood flow and no associated necrosis. Akinetic or 
dyskinetic segments can exhibit normal or near- 
normal 2°'T] uptake as long as some residual flow is 
present. 


THALLIUM-201 REDISTRIBUTION AND VIABILITY 

Following the first-pass myocardial uptake phase 
after intravenous tracer administration, there is a 
constant exchange of 7°'T] between the myocar- 
dium and the extracellular compartments. 7°'T] is 
continuously being washed out from normally per- 
fused myocardium and replaced by %'TI with 
residual activity recirculating in the blood pool. 
This process of continuous kinetic exchange forms 
the basis of 7°!T] redistribution. The term redistribu- 
tion implies delayed defect resolution and is seen 
when 2°!T] is administered during transient under- 
perfusion of the myocardium or when there is a 
chronic reduction in myocardial blood flow, which 
is referred to as rest redistribution.” Defects demon- 
strating delayed redistribution are further subclas- 
sified as showing either total or partial redistribu- 
tion. Partial redistribution is often seen when 
there is a mixture of necrosis and reversibly isch- 
emic myocardium. 

Defects that demonstrate a persistent diminu- 
tion of 7!'Tl uptake over time have also been 
subdivided as “severe” or “mild” persistent de- 
fects. Persistent defects observed on serial imaging, 
after exercise, pharmacologic stress, or serially in 
the resting state were originally thought to repre- 


sent solely infarction or scar. Several studies have 
shown, however, that approximately 30% of persis- 
tent 2°!'T] defects show improved 7°'T] uptake after 
revascularization.°”© This suggests that these persis- 
tent defects had some residual viable myocardium 
present. Persistent defects that tend to normalize 
or show enhanced ”"'T] uptake after revasculariza- 
tion are usually of the mild category, with no more 
than a 25-50% reduction in 7?'T] uptake. Most 
severe persistent defects demonstrating a >50% 
reduction in 7°'T] counts compared with a normal 
region rarely show improved *'T] uptake after 
revascularization.° 


REST THALLIUM-201 CLINICAL IMAGING 
STUDIES FOR ASSESSMENT OF VIABILITY 

201T] scintigraphy, performed entirely in the 
resting state, has been used to evaluate resting 
myocardial blood flow in patients with severe, 
chronic, stable angina and in patients with unstable 
angina. Berger et al’ reported that 73% of 7?'TI 
defects in a group of patients with severe stable or 
unstable angina showed some delayed redistribu- 
tion (as measured by quantitative planar tech- 
niques). In that study, 37 of 48 segments that 
showed preoperative rest 7°'TI redistribution exhib- 
ited significant improvement in 7°'T] uptake after 
coronary bypass surgery (Figure 2). Many of the 
mild persistent defects seen preoperatively showed 
improved %'!T] uptake after revascularization. In 
contrast, few severe persistent defects (>50% 
reduction in uptake) showed an improvement in 
postoperative %'TI] uptake. 

Gewirtz et al! and Hakki et al! have also 
reported that in patients with coronary artery 
disease, a substantial number of severely asynergic 
segments exhibit preserved *”'Tl uptake or rest 
redistribution. However, in these studies there 
were no postoperative assessments of perfusion or 
function. 

More recently, Ragosta et al” performed pre- 
and postoperative rest 7°'T] scintigraphy and rest 
radionuclide angiography on 21 patients who had 
coronary artery disease and ejection fractions of 
<35%. Most patients had clinical signs or symp- 
toms of congestive heart failure when they entered 
the study. The majority of patients had asynergic 
myocardial segments showing total to partial pres- 
ervation of 7°'Tl uptake after resting injection 
preoperatively (i.e., normal uptake, an initial rest- 
ing defect with delayed partial or total redistribu- 
tion, or a mild persistent defect with <50% reduc- 
tion in 2°'T] activity). 

There was a direct correlation between the 
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extent of residual 7T] uptake on the delayed 
preoperative scan and the rise in global ejection 
fraction after surgery. Interestingly, Ragosta et al?’ 
found that asynergic segments corresponding to 
mild persistent 7°'T] defects had the same probabil- 
ity for improved function after revascularization as 
did segments corresponding to normal initial 7°'T] 
uptake or defects exhibiting delayed redistribution. 

Bonow et al’ have also shed light on the issue of 
viability and mild persistent 7°'T] defects. In their 
study employing SPECT imaging, most mild (60- 
84% of normal) or moderate (50-59% of normal) 
persistent defects showed evidence of viability, as 
assessed by [!SF]FDG uptake on PET scans. Severe 
defects (<50% of normal activity) showed less 
evidence of viability on PET scans. Thus, the actual 
level of 7°'T] activity in persistent defects on 
delayed images can, by itself, be used as an index to 
predict the presence of viable myocardium. Mild 
reduction in 7°!T] uptake on serial images, without 
the necessity of demonstrating redistribution, indi- 
cates preserved viability and, therefore, a high 
probability of enhanced perfusion and function 
after revascularization. Table I provides a sum- 
mary of proposed criteria for designating viability 
by quantitative rest 7°!T] scintigraphy. 


REST THALLIUM-201 SCINTIGRAPHY IN 
CLINICAL DECISION MAKING 

The experimental and clinical data cited previ- 
ously indicate that preoperative imaging with rest- 
ing injection of 7°'T] can help to identify patients 
with chronic ischemic heart disease and depressed 
LV function who would most likely show an im- 
provement in heart function after bypass surgery. 
Although patients with multivessel disease and a 
severe reduction in LV function show more favor- 
able outcomes with bypass surgery than they do 
with medical therapy, the survival rate for bypass 
surgery patients over a 5—10-year period is not 
optimal.*? This may be due to the fact that some 
patients with severe depression of LV function 
underwent revascularization of irreversibly injured 
and nonviable myocardium. Despite technically 
successful revascularization, these patients may 
continue to exhibit progressive LV failure with 
cardiac dilation and they may finally succumb to a 
fatal ventricular arrhythmia. Patients who show no 
improvement in myocardial function after bypass 
surgery will most likely show a markedly reduced 
%1T] uptake before surgery, as well as myocardial 
thinning on echocardiography or magnetic reso- 
nance imaging. 

Patients with ejection fractions as low as 10- 


TABLE I Proposed Criteria for Designating Viability by 
Quantitative Rest Thallium-201 Scintigraphy 


Assessment Criteria 


Normal initial thallium-201 
(201T1) uptake and washout. 
An initial defect of any magni- 
tude with delayed total redis- 
tribution. 


An initial defect with partial re- 
distribution in which 29!T| 
activity on final image is 
< 50% reduced compared 
with normal. A persistent de- 
fect on serial images in which 
201T| activity is 20—50% re- 
duced compared with normal 

A severe, persistent defect on 
serial images in which 2°!T| 
activity is > 50% reduced 
compared with normal 


Normal viability 


Mild reduction in viability 


Severe reduction in viability 





15% may have a considerable amount of hibernat- 
ing myocardium, with residual viable myocardium 
in the distribution of severely stenosed vessels. 
Physicians would be less reluctant to advise surgery 
for these types of patients if they could be assured 
that the akinetic zones observed on ventriculogra- 
phy had a high probability of showing improvement 
in function after surgery. Demonstration of pre- 
served “°!T] uptake, albeit reduced, would provide 
the evidence that is necessary to predict a favorable 
outcome with revascularization. Further clinical 
trials are warranted to determine prospectively 
whether patients who have a markedly reduced 
ejection fraction (and who show residual viability 
by *°'Tl criteria) do indeed experience improved 
survival with revascularization when compared with 
patients who have a similar reduction in global LV 
function, but whose asynergy is due primarily to 
irreversible myocardial injury (as reflected by se- 
vere reduction in %'1T] activity on delayed rest 
imaging). 

Acknowledgment: We appreciate the editorial 
assistance provided by Jerry Curtis in preparing 
this manuscript. 
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Prognostic Value of Thallium-201 Myocardial 
Perfusion Imaging in Three Primary Patient 
Populations 


Kenneth A. Brown, MD 


Knowledge of a patient’s coronary anatomy alone 
is often insufficient to predict who will benefit 
from revascularization. Risk of cardiac events is 
related more to the presence of viable myocar- 
dium supplied by coronary arteries that are he- 
modynamically significant. Myocardial perfusion 
imaging with thallium-201 has been shown to re- 
veal the presence and extent of jeopardized via- 
ble myocardium. In addition, thallium-201 imag- 
ing can demonstrate exercise-induced left 
ventricular dysfunction, manifested by increased 
lung uptake. Therefore, it is not surprising that 
thallium-201 myocardial imaging has important 
prognostic value in a wide spectrum of patients 
with coronary artery disease. The use of thallium- 
201 to predict cardiac events in patients with 
known or suspected coronary artery disease, in 
patients following myocardial infarction, and in 
patients undergoing noncardiac surgery is re- 
viewed. 

(Am J Cardiol 1992;70:23E—29E) 
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anagement decisions regarding patients 
Me coronary artery disease have tradi- 

tionally been based on a combination of 
clinical findings, cardiac catheterization data, and 
left ventricular function. Astute clinicians have 
long recognized that coronary anatomy alone does 
not provide all the information necessary for effec- 
tive management decisions. During the past de- 
cade, thallium-201 (*°'Tl) perfusion imaging has 
been consistently shown to have significant prognos- 
tic value in various patient groups with coronary 
artery disease.! This prognostic value has been 
demonstrated in 3 primary patient populations: (1) 
patients with known or suspected coronary artery 
disease; (2) patients with a recent myocardial 
infarction; and (3) patients undergoing noncardiac 


surgery. 


THALLIUM-201 MYOCARDIAL PERFUSION 
IMAGING 

Myocardial uptake of *?'Tl occurs by both pas- 
sive diffusion and active mechanisms involving the 
sodium-—potassium (Nat,K*-ATPase) pump.! Im- 
portantly, myocardial 7°'T] extraction is not dimin- 
ished in reversibly damaged myocytes; only irrevers- 
ibly damaged myocytes demonstrate depressed 
21T] uptake.! Most significantly, the relation be- 
tween thallium uptake and myocardial blood flow 
is relatively linear.” Therefore, regional differences 
in myocardial blood flow caused by coronary artery 
disease will be manifested by regional differences 
in IT] uptake, resulting in “defects” seen in 
myocardial thallium images. Transient defects (i.e., 
defects that show enhanced uptake over time) 
reflect hypoperfused but viable myocardium. Thus, 
21T] uptake reflects both relative myocardial blood 
flow and viability. 


BASIS FOR THE PROGNOSTIC VALUE OF 
THALLIUM-201 

Transient thallium-201 defects: Transient de- 
fects define the presence of jeopardized or hypo- 
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perfused viable myocardium and are the most 
consistent predictors of future cardiac events.! 
Although the presence of angiographic coronary 
disease establishes an increased risk of cardiac 
events, risk seems to be more directly related to the 
presence of a hemodynamically significant lesion in 
a vessel that supplies viable myocardium. Angio- 
graphic anatomic assessment of coronary artery 
disease often does not accurately reflect the hemo- 
dynamic impact on coronary blood flow. In con- 
trast, ?!TI uptake reflects relative perfusion, inde- 
pendent of anatomic considerations. 

A diseased coronary artery that supplies an area 
of prior infarction is not likely to cause the same 
risk of future cardiac events as the same artery 
supplying viable myocardium. This may explain the 
consistent lack of predictive value of fixed **'TI 
defects because such defects generally reflect prior 
infarction or scar.! 

Thallium-201 lung uptake: Increased *”'T] lung 
uptake on exercise myocardial perfusion studies 
has also been shown to have important prognostic 
value.! Increased lung uptake has been shown to be 
associated with left ventricular dysfunction and 
severe, extensive coronary disease.** Although the 
pathogenesis is not completely understood, in- 
creased lung uptake has been positively correlated 
with stress-induced increases in pulmonary capil- 
lary wedge pressure and pulmonary transit time,’ 
and negatively related to changes in cardiac out- 
put.° These observations suggest that uptake of 
201T] in the lungs is dependent on hydrostatic 
pressure in the pulmonary capillary bed as well as 
factors that influence pulmonary tissue contact 
time and thus extraction efficiency.! The result is 
an indirect index of diffuse ischemia and/or left 
ventricular dysfunction that, not surprisingly, has 
prognostic value. 


PROGNOSTIC VALUE OF THALLIUM-201 
IMAGING 

Patients with known or suspected coronary 
artery disease: Brown and colleagues’ were the 
first to demonstrate a direct relation between the 
presence or extent of jeopardized viable myocar- 
dium, as assessed by 2°'Tl imaging, and the risk of 
future cardiac events. In 100 patients with no 
known prior myocardial infarction who were eval- 
uated on the basis of chest pain, the predictive 
value of 2°'T] imaging was compared with clinical, 
exercise electrocardiographic, and angiographic 
data using multivariate logistic regression analysis 
(Table I).’? The most accurate predictor of future 
cardiac events (cardiac death or myocardial infarc- 


tion) was the number of myocardial segments with 
transient 2°'T] defects. A number of subsequent 
studies have confirmed this observation (Table [). 
Consistently, the presence, extent, and severity of 
transient defects have been found to predict future 
cardiac events in patients presenting with known or 
suspected coronary artery disease.” 

Other studies have found that increased lung 
uptake of 7°!TI is also a significant predictor of 
future cardiac events.'*+!5 Gill et al'4 found that 
increased lung uptake of 7°'T1 was the best predic- 
tor of cardiac events in a series of patients with 
suspected coronary artery disease undergoing exer- 
cise TI imaging. Kaul et al! also found increased 
201T] lung uptake to be the best predictor of cardiac 
events, although both the presence of defects with 
redistribution and the number of angiographically 
diseased vessels had significant multivariate predic- 
tive value when lung activity was not considered. 

Several recent articles!’!’ have reported that 
201T] imaging performed in conjunction with dipyr- 
idamole-induced coronary hyperemia also has im- 
portant prognostic value. Using intravenous dipyri- 
damole infusion in conjunction with thallium 
scintigraphy, Younis et al!” studied 107 asymptom- 
atic patients with coronary artery disease. Of the 
107 patients studied, 36 had normal thallium scans 
and 71 had abnormal scans. Patients were followed 
for an average of 14 months, with 22%, 25%, and 
19% showing fixed, reversible, or combined thal- 
lium defects, respectively. Normal thallium scans 
were found in 34% of patients. The presence of 
jeopardized viable myocardium detected by dipyri- 
damole-thallium imaging was predictive of future 
cardiac events (Figure 1). Patients with normal 
thallium images had very benign outcomes with no 
significant cardiac events. Patients with only fixed 
defects also had very benign outcomes, much like 
those patients with normal thallium studies. In 
contrast, patients with transient defects or com- 
bined transient and fixed defects showed a greater 
incidence of cardiac death or myocardial infarc- 
tion. 

A larger study by Hendel and colleagues'* found 
that an abnormal dipyridamole—”'T1 study was an 
independent predictor of death or infarction and 
that 2"'T] redistribution significantly increased the 
risk of a cardiac event. 

Postmyocardial infarction risk stratification: 
Following myocardial infarction, patients may ap- 
pear clinically stable despite the presence of severe 
coronary disease. Management decisions are based 
on identifying patients with significant residual 
jeopardized myocardium, because these patients 
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TABLE I Prognostic Value of Thallium-201 Imaging in Patients with Known or Suspected Coronary Artery Disease 


Significant Multivariate 












Data Available Predictors of Cardiac Events* 

Mean  —————— ; 

Typeof Patients Follow-up Stress Cardiac y 

Study Stress (n) (mo) Clinical ECG Catheterization 201T| Events 201T| Other £ 






Brown et al7 Ex 100 46 + + + + CD,MI Number of TD None 
Ladenheim et al® Ex 1689 12 + + 0 + CD,MI, Number of TD [1] %MPHR [3] 



















































CABG Severity of PD [2] 
Staniloff et al? EX 819 12 + + 0 + CD,MI, Severity of PD [1] ST | [6] FA 
CABG Presence of TD [2] Ex duration [5] 4 
Number of PD [3] 15 
Number of TD [4] <A 
Iskandrian et al!° Ex 743 13 + + 0 + CD,MI Number of PD None A 
y 
Iskandrian et al?! Ex 196 15 + + 0 + CD,MI Number of PD None H 
Felsheretal'? = Ex 123 21 + + 0 + CD,MI Abnormal scan None K. 
Iskandrian et al?3 Ex 449 25 + + 0 + CD,MI PD [1] None A 
MTD [2] A 
Gill et al!4 Ex 467 91 + + 0 + CD,MI, t Lung uptake [1] Typical AP [2] 
CABG Prior MI [3] 
ST | [4] : 
Kaul et al!® Ex 293 64 + + + + CD,MI, Lung: heart ratio [1] Diseased vessels [2] ‘ig 
CABG Gender [3] E 
AHR [4] E 
Kaul et al?6 Ex 383 55 + + + + CD,MI, Number of TD [4] Diseased vessels [1] E. 
CABG AHR [2] 4 
VEA w/ex [3] k 
B Blocker use [5] E 
Younis et al!” DP 107 14 + + + + CD,MI Combined TD + FD None K 
CD, MI, UA, CABG TD None F 
Hendel et al!® DP 516 21 + + 0 + CD,MI PD CHF “2 
TD DM * 
> 1 segment with TD 2 
Combined TD + FD ss 
Stratmann etal? AtP 195 19 eae S 0 + CD,MI TDt CHFt p. 
Abnormal scan E 
*Numbers in brackets indicate rank order of significant multivariate predictors when more than 1. One study did not rank all significant multivariate variables. +8 ‘a 
tThis study did not perform multivariate analysis?; variables listed are significant univariate predictors. ‘i 
AP = angina pectoris; AtP = atrial pacing; CABG = coronary artery bypass graft surgery; CD = cardiac death; CHF = congestive heart failure; AHR = change in heart rate during oa) 
exercise; DM = diabetes mellitus; DP = dipyridamole-induced coronary vasodilation; ECG = electrocardiogram; Ex = exercise; FD = fixed defect; MI = myocardial infarction; MPHR = ~ 
maximal predicted heart rate; MTD = multiple coronary vascular territory defects; PD = perfusion defect; ST | = ST segment depression; TD = transient defects; 2°1T1 = thallium 201; y 
fo amy angina; VEA = ventricular ectopic activity. ~“ 
ata from Brown. 


FIGURE 1. Incidence of death or 


myocardial infarction (MI) in 107 D 

asymptomatic patients with coro- es 

nary artery disease stratified 2 (P < .0001) 

aosa barnniengt Fit} sl £ Normal DIP TL-201 (N = 36) 
results. A reversible or combined y Fixed DIP TL-201 defect (N = 24) 
thallium defect in- O Reversible DIP TL-201 defect (N = 27) 
creased the risk of this end point **=*= Combined defect (N = 20) 

(p <0.0001). (Reprinted with per- 

mission from J Am Coll Cardiol.*") 
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may benefit from invasive treatment or aggressive 
medical therapy. The challenge is to identify those 
patients who are likely to experience future cardiac 
events, so that appropriate evaluation and treat- 
ment can be performed as soon as possible.” The 
degree of postmyocardial risk is related to a num- 
ber of predictors, including residual left ventricular 
function and the degree of jeopardized myocar- 
dium. Both the extent and the severity of exercise- 
induced myocardial hypoperfusion have been shown 
to relate independently to the risk of cardiac 
events.?! Assessment of these parameters, which 
reflect the overall magnitude of myocardium at 
risk, facilitates stratification of patients into high- 
and low-risk cohorts for subsequent cardiac events.’ 
Identifying high-risk patients is important for appro- 
priate selection of therapeutic options designed to 
improve prognosis. Identifying low-risk patients 
may reduce the number of unnecessary procedures 
and decrease hospital costs. 

Risk stratification prior to discharge has become 
standard practice, in part because the greatest risk 
of death after acute myocardial infarction occurs 
early. Gimple et al”? demonstrated that in 36 
patients discharged from the hospital after acute 
myocardial infarctions, 6 of the 8 cardiac events 
occurred within the first 6 weeks and were pre- 
dicted by predischarge testing. If all tests had been 
performed after the initial 6 weeks, 75% of the 
events would have been missed. The value of 
predischarge testing has been demonstrated in 
several studies.!%?225 Submaximal exercise and 
dipyridamole-thallium testing offer particular clin- 
ical advantages in the postmyocardial setting. 

SUBMAXIMAL EXERCISE TESTING: Several studies 
have shown that predischarge submaximal exercise 
testing can identify high- and low-risk cohorts in 
patients after myocardial infarction.” In addi- 
tion, postinfarction exercise *’'T] imaging offers 
several clinical advantages compared with predis- 
charge exercise electrocardiography: (1) increased 
sensitivity for detecting multivessel coronary dis- 
ease; (2) the ability to localize ischemia to individ- 
ual coronary territories; (3) the ability to distin- 
guish infarct from noninfarct zone myocardium; 
and (4) the ability to identify exercise-induced left 
ventricular dysfunction, manifested by increased 
lung uptake.! 

Gibson and colleagues” evaluated the prognos- 
tic value of predischarge submaximal exercise **'T] 
imaging in patients with an acute myocardial infarc- 
tion. High-risk T] indices, including **'T] redistri- 
bution, defects involving multiple vascular territo- 
ries, and increased lung uptake, had the best 


predictive value for cardiac events compared with 
stress electrocardiographic and cardiac catheteriza- 
tion data. 

DIPYRIDAMOLE-THALLIUM-201 FOR EARLY POST- 
MYOCARDIAL INFARCTION RISK STRATIFICATION: 
Although exercise *°'T] imaging seems to have a 
relatively high sensitivity for the detection of under- 
lying coronary artery disease and future cardiac 
events, dipyridamole-thallium imaging may have a 
particular advantage in early risk stratification 
after myocardial infarction. Young et al?’ demon- 
strated that 2°!'T] imaging during coronary hypere- 
mia induced by dipyridamole has improved sensitiv- 
ity for coronary disease compared with submaximal 
exercise 79'T] imaging. 

Leppo et al evaluated the prognostic value of 
predischarge dipyridamole-thallium imaging in 51 
patients 7-10 days following infarction. They com- 
pared thallium predictors to a number of other 
clinical variables, including location of infarction 
and left ventricular ejection fraction. The presence 
of thallium redistribution as a marker of jeopar- 
dized viable myocardium was the only significant 
predictor of cardiac events, with endpoints of 
death or reinfarction. Importantly, Leppo et al* 
also found that the sensitivity for detecting cardiac 
events was greater than standard submaximal 
exercise testing. Of the 26 patients who underwent 
both dipyridamole-thallium and submaximal exer- 
cise, 13 had cardiac events. Of that subgroup, only 
46% had positive stress electrocardiogram tests, 
whereas 12 of the 13 showed evidence of thallium 
redistribution. 

Moreover, dipyridamole has several advanta- 
geous properties that allow dipyridamole-thallium 
imaging to play an important role in early in- 
hospital management of acute myocardial infarc- 
tion. Unlike exercise, dipyridamole—?'T] studies 
produce only modest changes in heart rate and 
blood pressure”! but provide superior images 
compared with resting studies, with a sensitivity for 
coronary disease equal to that of maximal exercise 
201T] imaging.??*"52-44 In addition, the hemody- 
namic effects of dipyridamole are short lived when 
used intravenously, and dipyridamole-induced isch- 
emia is rapidly reversed with theophylline. 

Thus, dipyridamole—"'TI imaging may be partic- 
ularly well suited for risk stratification of patients 
within the first few days after acute myocardial 
infarction, and the clinical impact is clear: the 
earlier such risk stratification can be applied, the 
earlier management decisions can be made. This 
not only reduces hospital costs, but may prevent 
in-hospital cardiac events. 
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Brown and colleagues% recently reported a 
series of 50 patients who underwent dipyridamole- 
21T] imaging 1—4 days (mean 2.6) postinfarction. 
Half of the patients had received thrombolysis 
treatment. No patient had a serious adverse effect 
from the protocol. The prognostic value of 7°!TI, 
electrocardiographic, clinical, and cardiac catheter- 
ization data was compared using multivariate anal- 
ysis. Infarct zone *°'T] redistribution was the only 
significant predictor of in-hospital cardiac events: 9 
of 20 patients with infarct-zone 7°'T] redistribution 
had in-hospital cardiac events, compared with 0 of 
30 patients without infarct-zone redistribution (Fig- 
ure 2). During a 12-month mean follow-up, 3 more 
patients with infarct-zone redistribution had car- 
diac events compared with none without redistribu- 
tion (Figure 2). Thus, dipyridamole—'T] imaging 
can identify a group of patients at high risk for 
early and late cardiac events who are most likely to 
benefit from revascularization. Similarly, patients 
at low risk who may be candidates for early 
discharge can be identified. 

LATE POSTMYOCARDIAL INFARCTION: Exercise 
21T] scintigraphy is also useful in predicting future 
cardiac events in patients who present with recur- 
rent angina late (postdischarge) after prior myocar- 
dial infarction.” The presence of infarct-zone 2°'T] 
redistribution was found to have superior prognos- 
tic value compared with other patient variables, 
including clinical, electrocardiographic, and cathe- 
terization data.’ 


Early post-Ml 

TI-201 imaging 
FIGURE 2. Outcome in-hospital 
and after discharge of patients 
based on the presence or ab- 
sence of infarct zone thallium- 
201 redistribution seen on early 
postmyocardial infarction imag- 
ing. CABG = coronary artery by- 
pass graft surgery; 


in-hospital 
course 


Ti = thallium; UA = unstable an- 


gina. (Reprinted with permission 
from Am J Cardiol.?5) 
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Preoperative risk stratification for periph- 
eral procedures: Patients undergoing peripheral 
vascular surgery are logical candidates for 7°'Tl 
imaging because they have a high prevalence of 
underlying, often asymptomatic coronary artery 
disease.*°** Dipyridamole—*"'Tl imaging allows ap- 
plication of the imaging technique to this group of 
patients, who often have very limited exercise 
capacity due to claudication. Boucher and col- 
leagues” screened a series of stable patients with 
clinical or electrocardiographic evidence of coro- 
nary artery disease (e.g., history of myocardial 
infarction, chest pain, or abnormal electrocardio- 
gram) with dipyridamole—”'T] imaging before non- 
emergency peripheral vascular surgery. Of 16 pa- 
tients with %'T] perfusion defects that showed 
redistribution, 8 (50%) had perioperative ischemic 
cardiac events, compared with none of 32 patients 
with normal studies or with fixed defects only. 
Thus, consistent with prior studies involving other 
patient groups, the presence of jeopardized viable 
myocardium had important prognostic value. 

In a subsequent study, Leppo et al*” evaluated a 
series of 89 patients undergoing peripheral vascu- 
lar surgery. They compared the predictive value of 
thallium imaging to a number of other clinical 
variables, including age, gender, prior infarction, 
angina, and diabetes. Using multivariate logistic 
regression, they found that the presence of thal- 
lium redistribution was the only significant predic- 
tor of infarction or death. This was true for both 
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dipyridamole—*'TI and exercise studies. When 
thallium redistribution was present, 33% of the 
patients developed perioperative myocardial infarc- 
tion or died. In contrast, when thallium redistribu- 
tion was absent, only 2% experienced infarction or 
death. 

Eagle et al*! conducted a follow-up study of 200 
consecutive patients who underwent dipyridamole- 
201T| imaging before peripheral vascular disease 
surgery, and they identified 5 clinical risk factors— 
including diabetes mellitus, Q waves on electrocar- 
diography, a history of ventricular arrhythmias, a 
history of angina, and advanced age—that were 
univariate correlates of postoperative cardiac 
events. Dipyridamole—”'T1 imaging was most help- 
ful for risk stratification among patients with 1 or 2 
clinical risk factors: 16 of 54 (30%) patients with 
201T] redistribution had a perioperative cardiac 
event compared with only 2 of 62 (3%) patients 
without redistribution. Among other patient sub- 
groups, 2"'T] imaging was less helpful, since only 
3% of patients with none of the clinical indicators 
had ischemic events (with no cardiac deaths), and 
10 of 20 (50%) patients with 3 or more clinical 
markers had events. Thus, preoperative dipyri- 
damole-thallium imaging appeared to be most 
useful in stratifying vascular patients determined 
to be at intermediate risk by clinical evaluation. 

A number of studies have demonstrated that the 
risk of perioperative cardiac events is related not 
only to the presence of jeopardized myocardium, 
but also to its extent. Recent data from Brown and 
Rowen* suggest that this principle extends to 
preoperative risk stratification as well. Among 231 
patients undergoing noncardiac surgery who had 
preoperative thallium studies, multivariate logistic 
regression analysis found that the only 2 significant 
predictors of perioperative cardiac death or myocar- 
dial infarction were the number of segments with 
transient defects (an index of the extent of myocar- 
dium at risk) and a history of diabetes mellitus. 
Patients with no transient defects had a very low 
risk of perioperative infarction or death. As the 
number of segments with transient defects in- 
creased, the probability of developing a cardiac 
event increased substantially. In addition, for a 
given number of segments, the presence of diabe- 
tes mellitus substantially increased the risk of a 
cardiac event. Thus, perioperative risk is related to 
the presence of myocardium at risk and the periop- 
erative risk increases as a function of the extent of 
jeopardized, viable myocardium. 


CONCLUSION 

Thallium-201 myocardial perfusion imaging has 
an important prognostic value in a wide spectrum 
of patients with coronary heart disease. Identifica- 
tion of the presence and extent of jeopardized 
viable myocardium is an important factor, indepen- 
dent of coronary anatomy, for formulating manage- 
ment decisions. 
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Thallium-201 (2°*T)) is a well-established radionu- 
clide used in myocardial perfusion imaging for 
assessing the presence and prognostic signifi- 
cance of coronary artery disease. Recently, tech- 
netium-99m hexakis-2-methoxyisobutyl isonitrile 
(?°"Tc-sestamibi) has become available for the 
same diagnostic and prognostic procedures. This 
discussion compares the imaging characteristics 
and clinical applications of ?°Tl with those of 
29mTc¢-sestamibi. There is a strong diagnostic con- 
cordance between the 2 agents in symptomatic 
patients. Various comparative clinical trials have 
shown in numerous patients that both agents 
have a similar diagnostic yield in both planar and 
single-photon emission computed tomography 
(SPECT) imaging. Because of better image quality 
of the °°"Tc agent, there is a trend toward better 
specificity and normalcy rate, in comparison to 
2017], However, when using reinjection imaging 
protocols, 2°Tl retains a unique place as an imag- 
ing agent to identify viable myocardium. 

(Am J Cardiol 1992;70:30E-—34E) 
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or years, investigators have searched for 
Re to label myocardial perfusion agents 

with technetium-99m (Tc) in order to 
overcome some of the limitations of thallium-201 
(T1). In particular, the low-energy photons (68-80 
keV) of 2°'Tl are suboptimal for standard gamma 
cameras, which perform best at the 140 keV 
photopeak of °™Tc. In addition, the long radioac- 
tive half-life (73 hours) of 7°'Tl requires limited 
doses of 2-3.5 mCi, which results in relatively low 
count density and somewhat granular images.’ 

Despite the clinical availability of ”"Tc-labeled 
imaging agents, however, *?!Tl remains, as it has for 
over a decade, the most widely used myocardial 
perfusion imaging agent for the diagnosis and 
prognosis of coronary artery disease (CAD).'? In 
particular, the clinical benefits of *’'T] and the 
emergence of new imaging techniques (including 
reinjection and pharmacologic stress imaging) have 
reinforced its widespread acceptance in nuclear 
cardiology.>° Moreover, ™'TI continues to enjoy a 
significant role as the “gold standard” to which all 
new perfusion agents are compared.'*° 

The °™Tc compound hexakis-2-methoxyisobu- 
tyl isonitrile (°°"Tc-sestamibi) is a relatively new 
radiopharmaceutical agent that has been favorably 
compared to ”'T] for the detection of ischemic 
myocardium. 

Unlike 2°'TI, °°™Tc-sestamibi does not redistrib- 
ute significantly in myocardium after a stress injec- 
tion.” However, although it has a somewhat lower 
overall myocardial extraction fraction, like 20T], 
9mTc-sestamibi distribution in the myocardium is 
proportional to blood flow. Uptake is linear at 
ranges of coronary blood flow that are 2-3 times 
greater than resting level, and a plateau effect is 
seen at higher flow rates.’ 

This review discusses findings of several studies 
comparing 2”'TI with °™Tc-sestamibi and describes 
several recent developments that have effectively 
enhanced the diagnostic capability of 7°'T] imaging. 
In particular, the 2 agents are compared in terms of 
image quality and diagnostic value, as well as 
practical clinical usage. 
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*Planar (P) or single-photon emission computed tomography (S). 
t = Not meaningful. 

tp <0.05. 

§Unpublished observations. 


SENSITIVITY AND SPECIFICITY COMPARISONS 

In a multicenter trial of 33 patients referred for 
evaluation of chest pain, Taillefer et al’? found a 
strong agreement between “"'T] and ”™Tc-sestami- 
bi, both on a segment-by-segment and on a patient- 
by-patient basis. 

Qualitative assessment of 7°!'T] and 9™Tc- 
sestamibi distribution was performed in 297 left 
ventricular segments. There was good correlation 
between the 2 radiopharmaceuticals for the pres- 
ence of normal, scarred, or ischemic tissue. On a 
segment-by-segment basis (3 segments on each of 3 
views), the agreement was 87.2% (259 of 297); ona 
patient-by-patient basis, it was 87.9% (29 of 33). 
The number of segments found ischemic with the 2 
compounds were nearly equal, as were the number 
that were normal with one and ischemic with the 
other. This study indicates that 7°'T] and %™Tc- 
sestamibi are equally accurate in the detection of 
stress-induced myocardial perfusion defects. 

Wackers et al* evaluated the biodistribution, 
dosimetry, and safety of ”™Tc-sestamibi in 17 
normal volunteers at rest and exercise in Phase I of 
a multicenter study. The study established that 
”mTe-sestamibi exhibits rapid blood clearance, 
good myocardial uptake, and favorable target-to- 
background ratios for myocardial perfusion imag- 
ing. Dosimetry allows for administration of up to 
30 mCi of the radionuclide. 

Phase II of this study compared detection rates 
of significant CAD by ITI and °™Tc-sestamibi 
stress or rest imaging. Of 36 patients with signifi- 
cant CAD, 35 (97%) had abnormal 7°!T] stress 
images and 32 (89%) had abnormal *™Tc-sestami- 


aes ee ee ee _, et os 
` > al Da G 


ae e aa h y ot 


Sensitivity Specificity 






Sestamibi Sestamibi 
(%) (%) (%) (%) 












73 73 t t 
70 74 t t 
89 97 t t 
86 88 89ł 53ł 
89 91 t t 
95 — 78 — 
93 80 t t 
82 82 100 82 
95ł 84ł t t 
89 90 49 41 
93 99 t t 
87 q= t = 







bi stress images (p = not significant). °?™Tc- 
sestamibi images correlated in 31 of 35 patients 
(86%) who had either scar or ischemia on “°!T] 
images. On a segment-to-segment basis, exact con- 
cordance was obtained in 463 of 570 myocardial 
segments (81%). Thus, the detection rates for 
significant coronary artery disease were similar 
with the 2 radionuclides, and no significant differ- 
ences were observed for either the overall detec- 
tion of disease or the detection of disease in 
specific vascular territories.? 

Subsequently, numerous studies have demon- 
strated that there is no significant difference be- 
tween the two imaging agents in terms of sensitivity 
and normalcy rates for single photon emission 
computed tomography (SPECT) and planar imag- 
ing (Table I).'2?-! 

In a multicenter trial of approximately 200 
patients, the sensitivities of planar and SPECT 
imaging were similar with both 7!T] and %™Tc- 
sestamibi (unpublished observations). 


IMAGE CHARACTERISTICS 

Wackers et al’ also concluded that the quality of 
the images obtained by both 7'Tl and 9™Tc- 
sestamibi was good in all normal subjects. Myocar- 
dial visualization on stress or redistribution 7°'T] 
images and on stress or rest ”"™Tc-sestamibi images 
was comparable. The ””™Tc-sestamibi images, how- 
ever, were somewhat more “crisp” and less granu- 
lar; this is probably due to the fact that the 
”mT¢-sestamibi images have less low-energy scat- 
ter than those obtained with 7°'T]. During the first 
60 minutes after a resting injection of %™Tc- 
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FIGURE 1 Rest: Large field-of- 
view anterior projections at 5, 25, 
30, and 180 minutes after injec- 
tion of technetium-99m [*"Tc]- 
sestamibi at rest in a normal vol- 
unteer. The left ventricle is well 
visualized. However, the heart-to- 
liver ratio improves over time by 
clearance of the radiotracer from 
the liver into the biliary system 
(arrow). Exercise: Large field-of- 
view anterior projection after in- 
jection of *°"Tc-sestamibi at peak 
exercise in a normal volunteer. 
The left ventricle is well visual- 
ized at all times. Compared with 
the injection at rest, substan- 
tially less liver uptake of radio- 
tracer is present. (Reprinted with 
permission from J Nuci Med.’) 
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Sestamibi 


FIGURE 2. Left anterior oblique 
planar images from the same pa- 
tient with technetium-99m sesta- 
mibi and thallium. The sestamibi 
image was acquired in 5 min and 
the 2°11] image in 10 min. Note the 
difference in image quality and 
count density. cnts = counts. 


image 
heart 


sestamibi (Figure 1A), the heart was well visual- 
ized despite a marked accumulation in the liver 
and spleen. After an exercise injection (Figure 1B), 
there was excellent visualization of the heart with 
substantially less uptake in the liver and spleen. 

Figure 2 shows a comparison of left anterior 
oblique planar images from the same patient with 
*mT¢-sestamibi and thallium. The thallium image 
was acquired with a dose of 2.5 mCi for 10 minutes; 
for *’™Tc-sestamibi 20 mCi was injected and the 
image was acquired for 5 minutes. Both images 
were of good quality for each agent. Myocardial 
visualization on the ”™Tc-sestamibi image was 
similar to that on the *°'T] image. The count 
density in the heart on the ”™Tc-sestamibi image is 
higher than on the 7'T] image.’ The %™Tc- 
sestamibi image was less granular and had sharper 
edges, however, resulting in better myocardial wall 
definition. 

"mT c-sestamibi has demonstrated adequate 
myocardial extraction and a greater myocardial 
retention than thallium, resulting in higher count 
density and superior image quality. However, the 
significant subdiaphragmatic activity with °™Tc- 
sestamibi occasionally has been shown to interfere 
with analysis of inferior myocardial wall uptake, 
especially in images obtained within 1 hour after 
injection of ”™Tc-sestamibi.* Although it was sug- 
gested that images may be improved by having the 
patient drink milk or eat during the hour after 
injection, this was not confirmed in a recent system- 
atic analysis.'* Although images obtained with 
mT c-sestamibi were aesthetically more pleasing 
than those obtained with 2°'Tl, there is no evidence 
that ”™Tc-sestamibi images provide clinically supe- 
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rior diagnostic information compared with images 
obtained with thallium. 


CLINICAL IMPLICATIONS 

The prognostic value of redistribution imaging 
has been investigated in several studies.'*-'5 These 
studies have shown that transient 7°'T] defects (i.e., 
defects that show redistribution) predict future 
cardiac events because they reflect the presence of 
jeopardized or hypoperfused viable myocardium. 
Since the "Tc isonitriles do not redistribute in the 
myocardium and require 2 separate injections at 
rest and exercise,’ they cannot provide comparable 
insight into regional myocardial blood flow and 
viability after a single injection. Prognostic data on 
mT c-sestamibi imaging are not yet available. 

A recent study by Cuocolo et al!® compared 2°'T] 
stress, redistribution, and reinjection imaging with 
mT c-sestamibi imaging during stress and rest. 
This study indicated that ”™Tc-sestamibi images 
consistently underestimated viable myocardium in 
comparison to the 7"'T] reinjection protocol. 

The unique diagnostic information derived from 
the kinetics of *"'Tl can be illustrated in, for 
example, a patient with a known prior myocardial 
infarction, severe left ventricular dysfunction, and 
anginal chest pain. A resting injection with ™Tc- 
sestamibi will show a defect. However, how much is 
infarction and how much is ischemic but viable? 
A resting injection with 7°'T] will also show an 
initial defect. However, over time the defect may 
become smaller as 7°'T] is accumulated in ischemic 
but viable myocardium by redistribution. Thus, 
infarcted myocardium can be differentiated from 
hibernating myocardium. 
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CONCLUSION 

The implication of the data discussed herein is 
that °™Tc-sestamibi and 7T] provide similar 
diagnostic information on the presence or absence 
of coronary artery disease. At this time, the avail- 
able information in the literature supports the 
preferential use of T] for assessing viability. 
Little information exists on the role of ”™Tc- 
sestamibi in studying myocardial viability, although 
at the cellular level accumulation of sestamibi is at 
least partly dependent on viability.'”'* The unique 
kinetics of 2°'T] provide clinicians with important 
pathophysiologic information and allow assess- 
ment of blood flow and viability. Initial imaging 
immediately after thallium injection indicates myo- 
cardial blood flow, and redistribution imaging indi- 
cates myocardial viability. 
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Introduction 


Peter F. Cohn, MD 


oted investigators in cardiovascular dis- 

ease gathered to examine new data on 

ischemic heart disease and related disor- 
ders at a symposium sponsored by the Council on 
Myocardial Ischemia and held in December 1991 
in Aventura, Florida. It was the hope of council 
members that the ideas generated at this confer- 
ence could be translated into guidelines for practic- 
ing physicians. The information presented at that 
meeting is the source of this supplemental issue. 

In the first article, based on his opening presen- 
tation, David Sheps reviews the relation between 
hypertension and diminished sensitivity to noxious 
stimuli. Although an association between the two 
has been well described in animals and tentatively 
demonstrated in humans, its nature remains largely 
unknown. Evidence from electrophysiologic, phar- 
macologic, and behavioral research suggests that 
this relation reflects an interface between the 
cardiovascular- and pain-regulating functions of 
the baroreceptor system. Sheps’ study has fur- 
nished preliminary evidence that hypertensive sub- 
jects exhibit enhanced levels of circulating endor- 
phins and diminished sensitivity to noxious thermal 
stimuli, which suggests that endogenous opioids 
may be one of many factors that contribute to the 
relation between blood pressure and sensitivity to 
pain. 

In recognition of the strong influence that cal- 
cium fluxes have on the physiologic processes and 
responses in the body, Arnold Schwartz discusses 
the molecular and cellular aspects of calcium 
channel antagonism. Over the past few years, 
L-type calcium channels and their blockade with 
calcium channel antagonists have become better 
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understood. Although the application of molecular 
genetics to cardiovascular issues is a comparatively 
recent development, the area is providing insights 
into the molecular pharmacology of calcium antag- 
onists. 

As heart transplant recipients live longer, an 
accelerated and distinct form of coronary artery 
disease (CAD) develops and adversely affects sur- 
vival. James B. Young offers his perspective on this 
unique form of ischemic heart disease, cardiac 
allograft arteriopathy. Possibly the primary factor 
limiting long-term survival after heart transplanta- 
tion, allograft arteriopathy is quite different from 
the obstructive process seen in native CAD. The 
process may be controlled more successfully when 
the mechanism of cellular proliferation is better 
defined and the causative factors are identified. 

According to Jerome Cohen, evidence from the 
Multiple Risk Factor Intervention Trial (MRFIT) 
on silent myocardial ischemia and cardiovascular 
risk suggests that diuretic-related hypokalemia may 
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predispose patients with silent myocardial isch- 
emia to potentially fatal arrhythmias and that use 
of potassium-sparing antihypertensive regimens be 
considered in high-risk hypertensive patients. 

Through review and assessment of the results of 
recent studies, Prakash C. Deedwania and Enrique 
V. Carbajal evaluate the role of myocardial oxygen 
demand in the pathogenesis of silent myocardial 
infarction. Heart rate increases during exercise 
testing according to the gradual work load incre- 
ments of the National Institutes of Health protocol 
were compared with ischemic events of daily life 
monitored by ambulatory electrocardiography; the 
two were found to be closely related. In most silent 
ischemic episodes recorded in these studies, heart 
rate and blood pressure increased significantly, 
indicating that increased myocardial oxygen de- 
mand is a significant pathogenic factor in silent 
myocardial ischemia of daily life. Review of the 
available data clearly demonstrates that as in 
anginal episodes, most silent ischemic episodes are 
preceded by significant increases in heart rate 
and/or systolic blood pressure. 

The role of intracoronary ultrasonography in 
assessing pharmacotherapy for myocardial isch- 
emia is discussed by Morton J. Kern. This tech- 
nique can provide morphologic and physiologic 
information on coronary vasomotor responses to 
pharmacotherapy. Furthermore, preliminary stud- 
ies indicate a high correlation between dimensions 
determined by two-dimensional echocardiography, 
angiography, and pathology. Similarly, the emerg- 
ing data on intracoronary Doppler flow velocity 
responses beyond atherosclerotic obstructions be- 
fore, during, and after coronary balloon occlusion 
will provide further insights into myocardial oxygen 
supply and its responses to pharmacotherapy dur- 
ing controlled myocardial ischemia. 





The prevalence and prognostic significance of 
transient myocardial ischemia after coronary ar- 
tery bypass grafting (CABG) are evaluated by 
Donald A. Weiner. Results from earlier studies 
have shown that exercise testing often produces 
inaccurate indications of the effectiveness of CABG 
revascularization. More recent studies demon- 
strate that ischemia—usually silent—occurs fre- 
quently after CABG. Although the mechanisms 
underlying the occurrence of silent myocardial 
ischemia after CABG are unknown, they may have 
a neurogenic basis or result from a reduction in the 
amount of jeopardized myocardium after success- 
ful revascularization. Conflicting results have been 
produced in studies analyzing the prognostic signif- 
icance of postoperative ischemia. Many treatment 
approaches, including the use of antianginal medi- 
cations, coronary artery angioplasty and a second 
CABG, can successfully lessen or eliminate isch- 
emia. The best strategy for lowering the risk of 
adverse cardiac events among patients with postop- 
erative ischemia remains uncertain at present. 

In their annual reports, the council’s advisory 
groups review ongoing research in silent ischemia, 
acute intervention, and postinfarction manage- 
ment. Research continues to be directed toward 
whether or not treatment can affect the negative 
prognosis associated with silent myocardial isch- 
emia. In addition, the traditional role of digoxin in 
treatment of atrial fibrillation has been reexamined 
because of the increased number of pharmacologic 
options available for heart rate control. 

Finally, two case studies on myocardial ischemia 
are discussed under the leadership of William W. 
Parmley and Jay M. Sullivan. The diagnostic and 
therapeutic highlights of these peer-group discus- 
sions constitute the concluding segment of this 
special issue of The American Journal of Cardiology. 
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Relation Between Systemic Hypertension and 
Pain Perception 


David S. Sheps, MD, MsPH, Edith E. Bragdon, ma, T. Flint Gray Ill, mD, Martha Ballenger, 
James E. Usedom, mb, and William Maixner, DDS, PhD 


To test the hypothesis that hypertension dimin- 
ishes pain perception, a study was made that 
evaluated the relation between arterial blood 
pressure and thermal pain perception in human 
subjects. The average mean arterial pressure in 
all 20 men studied (10 hypertensive, 10 normo- 
tensive) proved to be significantly related to both 
thermal pain threshold (p = 0.05) and tolerance 
(p = 0.003). The difference between normoten- 
sive and hypertensive groups in baseline and 
posttest plasma levels of 8 endorphin was also 
significant (p = 0.02) and indicated an interac- 
tion between endogenous opioids and blood pres- 
sure. Other recent studies of hypertension in re- 
lation to hypalgesia were also reviewed. An 
increased pain threshold was found in hyperten- 
sive versus normotensive rats. In cats, electrical 
stimulation of vagal afferent nerves (cardiopul- 
monary baroreceptors) suppresses nociceptive 
responses, and both pharmacologic elevation of 
blood pressure and vascular volume expansion 
produce antinociperception. Together with pre- 
liminary findings in human studies, these results 
indicate an interaction between pain-controlling 
and cardiovascular regulatory functions that is 
probably mediated by the baroreceptor system. 
(Am J Cardiol 1992;70:3F—5F) 
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number of experimental findings in ani- 
At demonstrate an association between 
ypertension and diminished sensitivity to 
noxious stimuli. Several investigators have re- 
ported an increased thermal pain threshold in 
hypertensive versus normotensive rats, as mea- 
sured by the hot plate technique.’ Interestingly, 
this hypalgesia is reversed by the opioid antagonist 
naloxone,” which implies that the relation be- 
tween blood pressure and pain perception is at 
least partly modulated by endogenous opioids. 
Elevated mechanical pain thresholds have also 
been seen in spontaneously hypertensive rats.* 
Studies in humans, although less extensive than 
in animals, also appear to link hypalgesia and 
elevated blood pressure. For example, Zamir and 
Shuber> and Ghione et alf demonstrated higher 
pain thresholds in hypertensive subjects than in 
normotensive controls in response to electrical 
stimulation of tooth pulp. 


METHODS 

Although the assessment of pain perception 
with electrical and mechanical stimuli has provided 
useful information, it has not been clarified whether 
hypertension diminishes pain perception evoked 
by procedures that selectively stimulate nocicep- 
tive afferents. 

An alternative approach is to apply noxious 
thermal stimuli that selectively activate peripheral 
nociceptors. Sensitivity to thermal pain can be 
measured with a computer-controlled, hand-held 
thermal probe that a technician places on the volar 
forearm of a research subject. In our laboratory, 
investigators have delivered thermal stimuli rang- 
ing from 43° to 50°C in 0.5°C steps of 5 seconds 
each. Subjects were instructed to report when they 
first perceived the stimulus as painful (threshold) 
and again when they perceived the stimulus as 
intolerable (tolerance); at the latter point, the 
device was removed. Three ascending series of 
thermal stimuli were delivered to 3 separate loci on 
the volar forearm, and the average temperature 
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TABLE I Properties of Mechanoreceptors Associated with 
Cardiovascular Regulation 


Afferent 


Location Nerve Stimulus 


| Sympathetic tone 

t Parasympathetic tone 
A EEG synchronization 

| “Sham rage” behavior 


| Somatomotor reflexes 
(? analgesia) 

| Sympathetic tone 

t Parasympathetic tone 


| Sympathetic tone 

t Parasympathetic tone 

A EEG synchronization 

| Somatomotor reflexes 
(? analgesia) 


Carotid sinus IX t Arterial pressure 


Aortic arch t Arterial pressure 


t Vascular volume 
t Central venous 
pressure 


Cardiopul- 
monary 
region 


Opiates 

Nicotine 

Veratrum alkaloids 
Serotonin 
Capsaicin 


EEG = electroencephalographic; f = increase; | = decrease; A = change. 
Adapted from Proc Finn Dent Soc. +9 





values associated with threshold and tolerance 
were determined. 

We used this technique to test thermal pain 
perception in 20 nonmedicated men (mean age 
34 + 13 years) of whom 10 were hypertensive 
(blood pressure > 140/90) and 10 normotensive.’ 
Blood pressure was continuously monitored by an 
automated cuff during testing. Blood samples were 
drawn at baseline after a rest period and immedi- 
ately after testing, and were assayed by a highly 
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FIGURE 1. Relation between average mean arterial pres- 
sure (mm Hg) during thermal pain perception testing and 
tolerance to thermal pain (°C) in 20 nonmedicated men 
(r = 0.635; p = 0.003). 





sensitive and specific immunoreactive technique 
for B endorphin concentrations. 


RESULTS 

In all subjects, the average mean arterial pres- 
sure during testing was significantly related (by 
regression analysis) to both the thermal pain thresh- 
old (r = 0.44; p = 0.05) and tolerance (r = 0.635; 
p = 0.003) (Figure 1). The baseline and posttest 
plasma levels of B endorphin in the normotensive 
group were significantly different from those of the 
hypertensive group (p = 0.02). However, a direct 
relation between pain perception and circulating 
endorphin levels was not observed, possibly be- 
cause of the small size of our sample. 


DISCUSSION 

These findings not only provide further evi- 
dence of a relation between hypertension and 
diminished pain perception, but also support the 
existence of a specific interaction between the 
endogenous opioid system and pain-blood pres- 
sure regulatory systems. The nature of this interac- 
tion has not been well explored, but it may be 
mediated by the baroreceptor system of cardiovas- 
cular regulation.!>* 

The baroreceptor reflex arcs are activated by 
stimulation of mechanoreceptors (Table I): pres- 
sure receptors, located in the carotid sinus and 
aortic arch, whose afferents travel via cranial nerves 
IX and X; and volume receptors, located in the 
cardiopulmonary region, whose afferents travel via 
cranial nerve X (the vagus). The pressure recep- 
tors are sensitive to increased arterial pressure, 
whereas the volume receptors are sensitive to 
increases in vascular volume. The baroreceptors 
respond to these stimuli by decreasing sympathetic 
tone. Also, the activation of these visceral afferents 
alters central nervous system excitability, promot- 
ing electroencephalographic synchronization, 
sleeplike behavior, a suppression of “‘sham rage,” 
and behavioral responses consistent with analge- 
sjan 

Electric stimulation of vagal afferent nerves in 
cats has been shown to suppress nociceptive reflex- 
es—for instance, inhibiting the normal response of 
dorsal horn neurons to painful stimuli in their 
receptive fields.™!? Similarly, pharmacologic eleva- 
tion of blood pressure®!! (for example, by phe- 
nylephrine) and cardiovascular volume expan- 
sion! induce attenuation of the tail-flick reflex (an 
index of algesia) in animals. 

The enhanced cardiopulmonary baroreceptor 
activity associated with hypertension may mediate 
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the hypalgesia found in hypertensive subjects.'*4> 
In support of this hypothesis, the hypalgesia found 
in hypertensive rats can be attenuated by interrup- 
tion of the right cervical vagus nerve and, con- 
versely, is enhanced by increasing vascular volume 
and central venous pressure.’ 

Although the role of endogenous opioids in the 
integration of the pain and cardiovascular regula- 
tory systems is not yet clear, their participation is 
suggested by a number of facts. First, various sites 
within the central nervous system that are involved 
in arterial blood pressure regulation also contain 
opioid receptors and are known to mediate analge- 
sia, which in some instances is reversible by nalox- 
one. Next, injection of B endorphin into the nu- 
cleus tractus solitarii, which receives afferent fibers 
from the vagus, decreases arterial blood pressure 
and heart rate in rats, an effect that can be blocked 
by prior administration of naloxone.'® Further, 
recent evidence suggests that endogenous opioids 
may act peripherally as well as in the central 
nervous system to blunt the activation of pain 
reflexes in animals, in part by stimulating cardio- 
pulmonary vagal afferents.'7! 

The antinociceptive effects that accompany 
blood pressure elevation may eventually contribute 
to the development of essential hypertension.>* 
The consequent relief from aversive sensations 
that are evoked by environmental stressors may 
invoke conditioning mechanisms that gradually 
modify the short-term coping pattern of acute 
blood pressure reactivity into chronic disease. Such 
mechanisms may utilize endogenous opioids as 
part of a reward system. 


CONCLUSION 

An association between hypertension and hypal- 
gesia has been well described in animals and 
tentatively demonstrated in human subjects, al- 
though its nature remains largely unknown. Evi- 
dence from electrophysiologic, pharmacologic, and 
behavioral research suggests that this relation re- 
flects an interface between cardiovascular and 
pain-regulating functions of the baroreceptor sys- 
tem. Endogenous opioids influence baroreflex ac- 


tivity, and a number of measures of pain percep- 
tion fluctuate in response to opioid production. 
Further, the results of our study furnish prelimi- 
nary evidence that hypertensive subjects exhibit 
enhanced levels of circulating endorphins and 
diminished sensitivity to noxious thermal stimuli. 
Hence, endogenous opioids may be one of many 
factors that contribute to the relation between 
blood pressure and sensitivity to pain. 
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Molecular and Cellular Aspects of Calcium 
Channel Antagonism 


Arnold Schwartz, PhD, DSc (Hon) 


Calcium fluxes play a key role in controlling many 
physiologic processes and responses in the 
body. The past few years have witnessed major 
advances in understanding of L-type calcium 
channels and their blockade with calcium channel 
antagonists. The L-type calcium channels com- 
prise 5 subunits termed ay, az, B, y, and 5. Elucida- 
tion of the mechanisms of action of the calcium 
channel antagonists has been advanced by clon- 
ing and genetic manipulation of these subunits. 
The a, subunit appears to be responsible for 
channel opening and voltage dependency, and it 
contains receptors for calcium channel antago- 
nists; these geographically distinct receptors 
correspond to each of the 3 different chemical 
classes of antagonists, exemplified by diltiazem, 
nifedipine, and verapamil. Diltiazem appears to 
have an inhibitory effect on mitochondrial sodi- 
um—calcium exchange that is unique among cal- 
cium channel antagonists. Preliminary data sug- 
gest that a diltiazem-specific receptor also 
exists in the endothelium. It appears, therefore, 
that despite advances in the understanding of 
L-type calcium channels, much remains to be 
learned about other possible receptors for the 
calcium channel antagonists. 

(Am J Cardiol 1992;70:6F—8F) 


From the Department of Pharmacology and Cell Biophysics, 
University of Cincinnati College of Medicine, Cincinnati, Ohio. 

Address for reprints: Arnold Schwartz, PhD, Department of 
Pharmacology and Cel! Biophysics, University of Cincinnati, 231 
Bethesda Avenue, Cincinnati, Ohio 45267-0575. 


ost calcium channel antagonists cur- 
Mes approved by the U.S. Federal 

Drug Administration belong to 3 distinct 
chemical classes: the phenylalkylamines (e.g., vera- 
pamil), the dihydropyridines (e.g., nifedipine), and 
the benzothiazepines (e.g., diltiazem).! Receptors 
specific for each of these 3 major classes have been 
identified in the L-type (long-lasting, large capaci- 
tance) voltage-dependent calcium channels.! Since 
the maintenance of intracellular and extracellular 
concentrations of calcium is crucial for the proper 
function of tissues and organ systems, calcium 
antagonists have been used selectively to manage a 
variety of cardiovascular and cerebrovascular disor- 
ders. The primary purpose of this article is to 
present current knowledge of the binding of these 
antagonists to the calcium channel. However, data 
that suggest additional intracellular actions for 
these agents will also be reviewed. 


MOLECULAR BIOLOGY OF CALCIUM CHANNELS 
Calcium is the key messenger in initiating mus- 
cular contraction, and several types of calcium 
channels exist for transmission of the ion across the 
cell wall. Most studies have concentrated on the 
so-called L-type voltage channel, the channel that 
is most responsive to the calcium antagonists. 
L-type channels in skeletal muscle are relatively 
insensitive to these drugs; that is, they are pharma- 
cologically inactive or unresponsive. The L-type 
channels most sensitive to calcium antagonists are 
located in vascular smooth muscle, the sinoatrial 
node, the atrioventricular node, certain specialized 
conducting tissues, and cardiac muscle tissue.? 

The data that have accumulated thus far sup- 
port the view that the L-type calcium channel 
consists of 5 subunits termed ay, a2, B, y, and ô.’ 
Use of photoaffinity labels in the laboratories at 
the University of Cincinnati and elsewhere showed 
that the receptors corresponding to each of the 3 
major classes of calcium channel antagonists are all 
located on the a; subunit, which is the largest 
calcium channel subunit.’ 
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Structure—function relations: A recent devel- 
opment is the ability to clone the genes for the 
L-type calcium channel subunits, an advance that 
prompted intensive research into structure—func- 
tion relations. At the University of Cincinnati, the 
a, subunit has been cloned from several different 
tissues, including heart, vascular smooth muscle, 
and brain.* This subunit is arranged in 4 repeating 
hydrophobic motifs, with each motif consisting of 6 
segments that span the cell membrane (Figure 1).° 

Using an a, subunit from cardiac muscle, Tan- 
abe et alf replaced the loop between motifs 2 and 3 
with the corresponding loop from skeletal muscle. 
The resulting chimera exhibited excitation—contrac- 
tion characteristics of skeletal muscle calcium chan- 
nels (1.e., relatively fast) rather than that of cardiac 
muscle (i.e., relatively slow). This finding repre- 
sented a major advance in our understanding, since 
it was the first identification of a structure—function 
relation in this subunit. Other properties of this 
subunit, such as voltage sensing, pore formation, 
drug binding, and metabolic regulation, may also 
be correlated with specific regions in the near 
future. For example, in each motif, one of the 
transmembrane segments (the fourth) is a region 
of charged amino acids (Figure 1). It has been 
hypothesized that this fourth segment forms the 
voltage sensor for the calcium channel and is 
involved in opening and closing of the channel.° 

Subunit interactions: Using cloned subunits, 
researchers at the University of Cincinnati showed 
that the other calcium channel subunits may be 
important in modulating peak current and gating.’ 
Coexpression of the a; and a, subunits increased 
peak current amplitude above that seen in the a, 
subunit alone. Coexpression of the ai, B, and ò 
subunits, or a; and B subunits, produced a leftward 
shift in the voltage of activation. Most important, 
the presence of the B subunit caused the channel to 
assume kinetics that closely resembled native cal- 
cium channels. These data suggest that calcium 


FIGURE 1. Schematic representa- 
tion of the L-type calcium chan- 
nel. S1 to S6 represent trans- 


membrane segments of the Motif 1 


NH, 


motif contains a region of 
charged amino acids that is hy- 
pothesized to be the voltage sen- 
sor of the calcium channel. (Re- 
printed with permission from 
Hypertension.*) 





channel activity is strongly modulated by the ß 
subunit via effects on both activation and inactiva- 
tion kinetics of the channel. 

From the clinical perspective, perhaps the most 
important issue concerns modulation of drug bind- 
ing. As already mentioned, the binding sites for the 
3 classes of calcium antagonists are located on the 
a, subunit. Preliminary data from our laboratory 
suggest that, in skeletal muscle, other subunits are 
also involved in drug binding, although their spe- 
cific roles are still unknown. 

Diversity of L-type channels: It is now appreci- 
ated that there is a tremendous diversity in L-type 
calcium channels. While only 2 skeletal muscle 
isoforms have been found, the heart, aorta, lung, 
and brain have each been shown to contain several 
different isoforms. Genomic cloning has revealed 
that some of these isoforms are the product of 
different genes.*® For example, multiple genes have 
been identified for a, subunits. It has been pro- 
posed that the cardiac and smooth muscle subunits 
are encoded by the same gene, whereas the skeletal 
muscle isoform is encoded by another, distinct 
gene. 

Another level of diversity appears to be pro- 
vided by alternatively spliced subunit elements.’ In 
cardiac muscle and in smooth muscle, variants 
have been observed in the a, subunit, with the 
points of variation occurring at the termini, at 
motif 1, and at motif 4 (Figures 1 and 2). In the 
brain, alternative splicing may account for as many 
as 6 variant calcium channels. 


PROTECTION OF ISCHEMIC 
CARDIAC MYOCYTES 

During myocardial ischemia, calcium channels 
open to allow a surge of ions into the cell. Adeno- 
sine triphosphatase malfunction causes increased 
levels of intracellular sodium leading to sodium- 
calcium exchange, which further adds to the level 
of calcium within the cell. As ischemia progresses, 
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FIGURE 2. Sources of diversity for a, isoforms. One gene 
encodes the skeletal isoform, another encodes cardiac 
and vascular isoforms. Variants can also be produced by 
alternative splicing. The approximate percentage of ho- 
mology in amino acid sequences between these isoforms 
is noted. 


levels of phosphate also rise and, eventually, cal- 
cium phosphate precipitates within the mitochon- 
dria. This latter occurrence inhibits oxidative phos- 
phorylation and leads to swelling and structural 
damage. 

In contrast, myocardial tissue that has been 
pretreated with diltiazem maintains its levels of 
inorganic phosphate and retains virtually all of its 
structural integrity.'° As a result, the cellular en- 
ergy balance is also maintained. 

Other calcium antagonist classes evaluated at 
the University of Cincinnati have not produced 
comparable protection. It is possible that diltiazem 
and other benzothiazepine-related compounds may 
have an additional inhibitory action on sodium- 
calcium exchange in mitochondria. Such inhibition 
would be expected to prevent ischemia-induced 
conduction delay. Further, it should be pointed out 
that the doses of diltiazem used in these experi- 
ments corresponded to the upper end of the dosing 
range in humans.” Studies of calcium antagonists 
in patients with myocardial infarction have gener- 
ally used drug dosages at the lower end of the 
range and have produced mixed results regarding 
the protective effects of these agents. One excep- 
tion is the Diltiazem Reinfarction Study, which 
used comparable diltiazem dosages.'! This study 
concluded that diltiazem was effective in prevent- 
ing early reinfarction and severe anginal symp- 
toms. 
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FUTURE DIRECTIONS 

Despite advances in the understanding of L- 
type calcium channels, much remains to be discov- 
ered regarding other possible receptors for calcium 
antagonists. For example, preliminary data suggest 
that a diltiazem-specific receptor also exists in the 
endothelium. !? 

Thus, although the application of molecular 
genetics to cardiovascular issues is a comparatively 
recent development, the area is providing insights 
into the molecular pharmacology of calcium antag- 
onists. Eventually, it may provide an explanation 
for the differential action of these agents in various 
tissues and the basis for designing more agents that 
are tissue specific. 
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Cardiac Allograft Arteriopathy: An Ischemic 
Burden of a Different Sort 


James B. Young, MD 


As heart transplant recipients live longer, an ac- 


celerated and distinct form of coronary artery 
disease develops that adversely affects survival. 
indeed, cardiac allograft arteriopathy may be de- 
tected in as many as 90% of heart transplant re- 
cipients after 5 years. The precise incidence is 
not easily determined because the disease can 
be difficult to recognize when noninvasive tests 
are used; even angiography has substantive limi- 
tations. The distinct characteristics of this type 
of coronary artery disease result in a different 
form of chronic ischemic syndrome. The angio- 
graphic hallmark of allograft arteriopathy is an 
extensive, diffuse, obliterative process that pri- 
marily involves distal, small, subendocardial ar- 
teries. Endothelial injury seems to trigger the dis- 
ease process. The arteriopathy is likely 
immunologically mediated and promoted or exac- 
erbated by traditional atherosclerotic disease 
risk factors. Viral infection may be involved as 
well. To gain a better understanding of allograft 
arteriopathy, it is worthwhile to review its inci- 
dence, pathophysiology, prognosis, prevention, 
and treatment. 

(Am J Cardiol 1992;70:9F—13F) 
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bliterative disease of the coronary arteries 
() after heart transplantation is a frequently 

observed phenomenon that remains a vex- 
ing enigma.!? Indeed, the first long-term survivor 
of this operation succumbed to complications 
caused by coronary artery disease (CAD).° As 
patients live longer after heart transplantation, the 
likelihood that allograft arteriopathy will cause 
problems increases dramatically. Although rejec- 
tion and infection remain the leading causes of 
death in heart transplant recipients during the first 
postoperative year, arteriopathy may well be the 
most common primary cardiac cause of death 
during long-term follow-up.* The obliterative pro- 
cess is not necessarily unique to the coronary 
circulation and generally is distinct from native 
coronary vessel arteriosclerosis. Although many 
terms have been suggested for this process, includ- 
ing chronic rejection, accelerated graft atheroscle- 
rosis, posttransplant coronary occlusive disease, 
and spontaneous arteriosclerosis, allograft arterio- 
pathy seems the most appropriate description be- 
cause similar posttransplantation vascular abnor- 
malities can be seen after kidney, liver, and 
combined heart/lung transplantation. 


INCIDENCE AND DETECTION 

In seminal work performed at Stanford Univer- 
sity, Gao et al’ found that the incidence of allograft 
arteriopathy can be as high as 40% at 2 years after 
transplantation and well over 50% at 5 years. 
Results of this investigation suggest that the pro- 
cess can be detected in virtually every transplant 
patient who survives more than several years. 
When histopathologic definitions are employed, 
allograft arteriopathy may be a finding on autopsy 
as early as 1 year after heart transplantation in 
patients whose angiograms appear normal.° 

The precise incidence of allograft arteriopathy 
is not easily determined, since it can be difficult to 
recognize when noninvasive tests are used. Al- 
though angiography is most often used to diagnose 
arteriopathy, it also has substantive limitations. At 
the Multi-Organ Transplant Center, noninvasive 
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TABLE I Clinicopathologic Characteristics of Cardiac Allograft 
Arteriopathy 


Concentric intimal proliferation 

Coronary vessels diffusely involved 
Subendocardial vessels affected in particular 
Elastica generally intact 

Calcification of lesions unusual 

Focal lesions less often observed 

Rapid development 

Angina rare 

Noninvasive diagnosis difficult 

Angiographic findings problematic 





tests were used in an attempt to detect allograft 
arteriopathy in 79 consecutive orthotopic trans- 
plant recipients who were followed prospectively 
for about 3 years.”° In 30 patients (38%), angio- 
graphically significant or autopsy-proven allograft 
arteriopathy developed. Angiograms were consid- 
ered positive when 50% luminal narrowing was 
observed, and autopsy-proven allograft arteriopa- 
thy was defined as cross-sectional coronary obstruc- 
tion > 70%. 

During follow-up, these patients underwent 
yearly surveillance echocardiography, gated wall- 
motion studies at rest and during exercise, thallium 
scintigraphy with oral dipyridamole “stress,” thal- 
lium scintigraphy with exercise stress, ambulatory 
electrocardiographic (ECG) monitoring, and angio- 
graphic studies. Positive test results were defined 
as a decrease in ejection fraction, a wall-motion 
abnormality, fixed or reversible perfusion defects 
on thallium scintigraphy, failure of ejection frac- 
tion to increase with exercise, lack of systolic blood 
pressure increase, and ischemic ST changes at 
maximal exercise (or on ambulatory monitoring). 

None of these procedures, however, proved to 
be a sensitive noninvasive detector of cardiac 
allograft arteriopathy. All of them had diagnostic 
sensitivity well below 50%. Specificity, on the other 
hand, was reasonably good. Exercise testing, ambu- 
latory ECG monitoring, and dipyridamole and 
exercise thallium scintigraphy had specificities 
> 80%. These tests, when positive, are thus likely 
to correlate with the presence of obstructive CAD. 
The best positive predictive value (86%) was noted 
in patients with an abnormal blood pressure re- 
sponse during supine bicycle exercise. In addition, 
ambulatory ECG monitoring for arrhythmia, partic- 
ularly bradycardia, had a positive predictive value 
of 61%. It should be pointed out here that the 
prognosis may be very poor for patients with 
allograft arteriopathy and positive ischemic results 
on noninvasive studies.” 

The diagnostic limitations of noninvasive stud- 
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ies seem to be related to their use in screening 
assessment. Further, the diffuse nature of allograft 
arteriopathy may result in balanced ischemia that 
is difficult to detect by any imaging method that 
focuses on differences in regional myocardial perfu- 
sion or function. Thus, routine screening arteriog- 
raphy may currently be the best method to detect 
and follow progression of allograft arteriopathy.” 
In fact, many institutions obtain screening and 
baseline coronary angiograms within several weeks 
of heart transplantation because the milieu be- 
lieved to be conducive to allograft arteriopathy 
develops soon after the operation. Follow-up an- 
giography can then facilitate identification of incip- 
ient vascular abnormalities.” 


DISTINCTIVE FEATURES 

Symptoms: Because of the diffuse nature of the 
disease process and the denervation of the cardiac 
allograft, symptoms related to ischemic heart dis- 
ease in transplant recipients will be different from 
those in the general population. Angina, for exam- 
ple, is unusual. Symptoms, such as syncope, are 
more likely to be related to bradycardia or the 
development of congestive or low-output heart 
failure. In addition, the incidence of sudden death 
may be particularly high in patients with allograft 
arteriopathy. 

Angiographic characteristics: Gao et al° devel- 
oped a classification system for diagnosing allograft 
arteriopathy based on angiographic findings. They 
stressed the necessity of critically analyzing fol- 
low-up arteriograms and comparing them side by 
side with baseline or prior-year studies. These 
investigators identified the angiographic hallmark 
of allograft arteriopathy as an extensive, diffuse, 
obliterative process that is particularly apparent in 
distal coronary vessels. Generally, this distal narrow- 
ing occurs in secondary branch vessels; well- 
defined occlusive points are often seen in very 
distal vessels. Sometimes a distinctive pruned-tree 
pattern can be noted in cases of the most severe 
arteriopathy. This pattern of stenosis is distinctly 
different from that seen in the large epicardial 
arteries of patients with native CAD. 

Many transplant recipients will have proximal 
epicardial stenoses that are identical to the focal 
obstructive lesions seen in nontransplant patients 
with CAD. Thus, patients with allograft arteriopa- 
thy will often have a combination of the typical 
findings of both arteriopathy and native CAD. 

Histologic characteristics: The differences be- 
tween allograft arteriopathy and native CAD ex- 
tend to the microscopic level (Table I). Billing- 
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ham!®!! described the histopathology of allograft 
arteriopathy in detail. Microscopically, the process 
is a concentric, diffuse proliferation that is marked 
by hyperplasia of the smooth muscle cells with an 
accumulation of macrophages, collagen, and ground 
substance in the endothelial layer. Inflammation of 
the intimal cells seems to occur first, with subse- 
quent proliferation of smooth muscle cells and 
macrophages. The movement of smooth muscle 
cells from the media into the intima appears to 
occur without disruption of the internal elastic 
membrane (which is usually noted in native CAD). 

A characteristic of allograft arteriopathy is the 
foam cell, which develops in the intima of the 
coronary vessels. These cells: are the product of 
phagocytosis of migrating smooth muscle cells and 
lipid inspissation by the macrophages. Although 
atheromatous plaques can be found in patients 
with allograft arteriopathy, they are less likely to 
calcify and contain a much higher quantity of 
lipoprotein (particularly low density lipoprotein 
cholesterol) than do the plaques of native CAD. 
Plaque rupture with ulceration and thrombus for- 
mation can occur, but it is unusual and generally 
not noted until very late in the disease course. 
Collagen deposition with intimal scarring and fibro- 
sis can also cause narrowing of the coronary artery 
lumen; however, cholesterol infiltration with foam 
cell formation seems to be the major etiologic 
factor behind luminal compromise. 

Some of these histopathologic differences be- 
tween allograft arteriopathy and native CAD may 
relate to modern immunosuppressive protocols 
and, in particular, the use of cyclosporine. Pucci et 
al'? suggested that the allograft arteriopathy noted 
in patients who underwent cardiac transplantation 
in the pre-cyclosporine era appeared more like the 
atherosclerosis noted in nontransplant patients. 
Many of the findings, however, in the pre-cyclospo- 
rine era patients resembled those in patients who 
had been treated with cyclosporine; this suggests 
that factors other than cyclosporine have a role in 
the development of allograft arteriopathy. 


ETIOLOGY 

From a pathophysiologic standpoint, the mecha- 
nism responsible for allograft arteriopathy seems 
to involve 2 primary interrelated conditions: so- 
called environmental factors, such as hyperlipopro- 
teinemia, hypertension, and persistent nicotine 
abuse, and immune- or infection-related endothe- 
lial injury (Table II). 

Environmental risk factors: The more tradi- 
tional risk factors for CAD may be important, but 





TABLE Ii Risk Factors for Allograft Arteriopathy 


Endothelial damage 


Immunologic activation 


Viral infection/activation 

Injury to the organ during harvest 
Dyslipidemia 

Hypertension 

Nicotine abuse 

Obesity 

Diabetes 

Chemotaxis 

Platelet aggregation 





they have different implications for allograft arteri- 
opathy. Clearly, abnormalities in serum lipoprotein 
values are apparent in most heart transplant recip- 
ients.'> Most reports suggest that a significant 
relation exists between elevated serum cholesterol 
or triglyceride values and allograft arteriopathy. 
Arguments for other cardiovascular risk factors, 
such as hypertension, have been less convincing. 
Obesity, however, seems to be an extremely impor- 
tant risk factor.'4 

immune-related risk factors: The immune- 
mediated injury hypothesis for allograft arteriopa- 
thy is gaining endorsement.'* Since the disease 
process is diffuse, and generally limited to the 
transplanted organ’s arteriovascular bed, it is logi- 
cal to hypothesize that direct endothelial injury 
occurs in the transplanted heart. Pollock et al! 
observed that when there is a human leukocyte 
antigen mismatch between donor and recipient, 
substantive allograft arteriopathy is more likely to 
develop. The existence of circulating cytotoxic 
antibodies against donor classes 1 and 2 antigens 
present on the surface of the allograft endothelium 
also lends support to this hypothesis.'© Keeping 
these observations in mind, one might suspect that 
frequent episodes of rejection requiring special 
treatment would correlate with development of 
significant allograft arteriopathy. Indeed, Uretsky 
et al!’ reported that patients with >2 rejection 
episodes requiring therapy within the first 2 post- 
transplant years are at increased risk for this 
disease. Their observation, however, remains con- 
troversial. 

Other factors related to immunologic activation 
after transplantation were found to correlate with 
allograft arteriopathy development. Research at 
the Multi-Organ Transplant Center demonstrated 
that the development of new antilymphocyte anti- 
bodies after transplantation is associated with new 
evidence of CAD and diminished survival.!$ Fur- 
ther, the presence of elevated soluble interleukin-2 
receptor plasma levels early after transplantation is 
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TABLE IlI Possible Interventions for Prevention and Treatment 
of Allograft Arteriopathy 















Intensification of immunotherapy 
Blood pressure control 
Discontinuation of nicotine use 





Dyslipidemia control 
Weight optimization 
Antiplatelet medication 












Anticoagulant therapy 
Calcium antagonist therapy 
Angiopiasty or atherectomy 
Bypass surgery 

Second transplantation 


a predictor of subsequent development of allograft 
arteriopathy.!* There are, however, other potential 
mechanisms for endothelial injury in transplant 
recipients. These may be related to donor heart 
procurement and preservation, cyclosporine use, 
and infection. 

infection-related risk factors: Members of the 
herpesvirus family have been known to induce a 
coronary atherosclerosis similar to allograft arteri- 
opathy. Because of the high incidence of cytomega- 
lovirus infection in transplant patients, this virus 
has received scrutiny as a possible etiologic agent 
for allograft arteriopathy.'? Clinical observations 
suggest that patients with either clinical or subclin- 
ical manifestations of cytomegalovirus infection 
have an increased risk of displaying allograft arteri- 
opathy.”” This contention, however tantalizing, has 
not yet been proved.?! 


PREVENTION 

We need to focus on understanding the disease 
process so that allograft arteriopathy can be pre- 
vented in the future (Table III). It makes sense, 
however, to control the traditional risk factors 
known to be associated with CAD in general, such 
as hypertension, dyslipidemia, nicotine consump- 
tion, and diabetes. Whether intensification of im- 
munotherapy will either prevent the development 
of allograft arteriopathy or attenuate the process is 
unknown; clinical trials must address this point. 


TREATMENT 

Therapy of allograft arteriopathy is still primi- 
tive. For focal epicardial lesions, percutaneous 
transluminal coronary angioplasty (PTCA) has been 
performed safely, but the restenosis rate after 
angioplasty may be higher than in native CAD, and 
its impact on long-term morbidity and mortality is 
unknown.” The feasibility of coronary artery by- 
pass surgery has been documented in case reports. 
Traditional medications that have been used to 


inhibit atherosclerosis in general, including anti- 
platelet compounds (aspirin and dipyridamole), 
anticoagulants (warfarin and heparin), and fish oil 
supplements, might prove beneficial.” Schroeder et 
al? made the intriguing observation that develop- 
ment of allograft arteriopathy may be attenuated 
by therapy with the calcium antagonist diltiazem 
after transplantation. 

Unfortunately, the only definitive therapy for 
allograft arteriopathy is another heart transplant. 
In recipients of a second allograft, however, suc- 
cess rates are markedly compromised, with a sur- 
vival of only 55% at 1 year and 25% at 2 years 
reported by Gao et al.” 











CONCLUSION 

A unique form of ischemic heart disease, al- 
lograft arteriopathy, is quite different from the 
obstructive process seen in native CAD. It may well 
be the primary factor limiting long-term survival 
after heart transplantation. The etiology of al- 
lograft arteriopathy remains problematic. Immuno- 
logic factors seem to be most important from a 
pathophysiologic standpoint, but other agents, such 
as viral infection, hypertension, and hyperlipopro- 
teinemia, may be exacerbating cofactors. Treat- 
ment remains essentially empiric and somewhat 
primitive. Control of the process may be more 
successful when the mechanism of cellular prolifer- 
ation is better defined and the causative factors are 
identified. 

Acknowledgment: I would like to thank Mar- 
lane Kayfes for her help during preparation of this 
manuscript. 


REFERENCES 

1. Taylor DO, Ibrahim HM, Talmon DR, Hess ML. Accelerated coronary 
atherosclerosis in cardiac transplantation. Transplant Rev 1991;5:165-174. 

2. Miller LW. Long-term complications of cardiac transplantation. Prog Cardio- 
vasc Dis 1991;33:229-282. 

3. Thompson JG. Atheroma in a transplanted heart. Lancet 1969;ii:1297-1301. 
4. Kriett JM, Kaye MP. The registry of the International Society for Heart 
Transplantation: seventh official report—1990. J Heart Transplant 1990;9:323- 
330. 

5. Gao S-Z, Alderman EL, Schroeder JS, Silverman JF, Hunt SA. Accelerated 
coronary vascular disease in the heart transplant patient: coronary arterio- 
graphic findings. J Am Coll Cardiol 1988;12:334-340. 

6. Mason JW, Strefling A. Small vessel disease of the heart resulting in 
myocardial necrosis and death despite angiographically normal coronary arter- 
ies. Am J Cardiol 1979;44:171-176. 

7. Smart FW, Ballantyne CM, Cocanougher B, Farmer JA, Sekela ME, Noon 
GP, Young JB. Insensitivity of noninvasive tests to detect coronary artery 
vasculopathy after heart transplant. Am J Cardiol 1991;67:243-247. 

8. Smart FW, Grinstead WC, Cocanougher B, Ballantyne CM, Farmer JA, 
Kleiman N, Young JB. Detection of transplant arteriopathy: does exercise 
thallium scintigraphy improve noninvasive diagnostic capabilities? Transplant 
Proc 1991;23:1189-1192. 

9. Grinstead WC, Smart FW, Pratt CM, Sekela ME, Noon GP, Young JB. 
Detection of asymptomatic myocardial ischemia in a heart transplant patient 
before sudden death. J Heart Lung Transplant 1991;10:1026-1028. 


42F THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 70 NOVEMBER 16, 1992 





10. Billingham ME. Cardiac transplant atherosclerosis. Transplant Proc 1987;19: 
19-25. 

11 Billingham ME. Graft coronary disease: the lesions and the patients. 
Transplant Proc 1989;21:3665-3666. 

12. Pucci AM, Clarke Forbes RD, Billingham ME. Pathologic features in 
long-term cardiac allografts. J Heart Transplant 1990;9:339-345. 

13. Farmer JA, Ballantyne CM, Frazier OH, Radovancevic B, Payton-Ross C, 
Patsch W, Morrisett JD, Gotto AM Jr, Young JB. Lipoprotein(a) and apo- 
lipoprotein changes after cardiac transplantation. J Am Coll Cardiol 1991;18: 
926-930. 

14. Winters GL, Kendall TJ, Radio SJ, Wilson JE, Costanzo-Nordin MR, 
Switzer BL, Remmenga JA, McManus BM. Posttransplant obesity and hyperlip- 
idemia: major predictors of severity of coronary arteriopathy in failed human 
heart allografts. J Heart Transplant 1990;9:364-371. 

15. Pollock MS, Ballantyne CM, Payton-Ross C, Cocanougher B, Rome SK, 
Grant GJ, Farmer JA, Noon GP, Weilfaeder DG, Flores D, Young JB. HLA 
match and other immunological parameters in relation to survival, rejection 
severity, and accelerated coronary artery disease after heart transplant. Clin 
Transplant 1990;4:269-275. 

16. Rose EA, Smith CR, Petrossian GA, Barr ML, Reemtsma K. Humoral 
immune responses after cardiac transplantation: correlation with fatal rejection 
and graft atherosclerosis. Surgery 1989; 106:203-208. 

17. Uretsky BF, Murali S, Lee A, Reddy PS, Griffith BP, Hardesty RL, Trento 
A, Bahnson HT. Development of coronary atherosclerosis in the transplanted 
heart immunosuppressed with cyclosporine and prednisone. (Abstr.) J Am Coll 
Cardiol 1986;7:9A. 


18. Young JB, Lloyd KS, Windsor NT, Cocanougher B, Weilbaecher DG, 
Kleiman NS, Smart FW, Nelson DL, Lawrence EC. Elevated soluble interleu- 
kin-2 receptor levels early after heart transplantation and long-term survival 
and development of coronary arteriopathy. J Heart Lung Transplant 1991;10:243- 
250. 

19. Virella G, Lopes-Virella MF. Infections and atherosclerosis. Transplant 
Proc 1987;19(suppl 5):26-35. 

20. Everett JP, Hershberger RE, Norman DJ, Chou S, Ratkovec RM, Cobano- 
glu A, Ott GY, Hosenpud JD. Prolonged cytomegalovirus infection with vire- 
mia is associated with development of cardiac allograft vasculopathy. J Heart 
Lung Transplant 1992;11:S133-S137. 

21 Kendall TJ, Wilson JE, Radio SJ, Kandolf R, Gulizia JM, Winters GL, 
Costanzo-Nordin MR, Malcom GT, Thieszen SL, Miller LW, McManus B. 
Cytomegalovirus and other herpesviruses: do they have a role in the develop- 
ment of accelerated coronary arterial disease in human heart allografts? J 
Heart Lung Transplant 1992;11:S14-S20. 

22. Halle AA, Wilson RF, Vetrovec GW. Cardiac Transplant Angioplasty 
Study Group. Multicenter evaluation of percutaneous transluminal coronary 
angioplasty in heart transplant recipients. J Heart Lung Transplant 1992;11:S138- 
S141. 

23. Schroeder JS, Gao S-Z, Alderman EL, Hunt SA, Stinson E. Diltiazem 
inhibits development of early accelerated transplant coronary disease—an in- 
terim report. (Abstr.) Circulation 1990;82:111-257. 

24. Gao S-Z, Schroeder JS, Hunt S, Stinson EB. Retransplantation for severe 
accelerated coronary artery disease in heart transplant recipients. Am J Cardiol 
1988;62:876-881. 


A SYMPOSIUM: MECHANISMS FOR MYOCARDIAL PROTECTION 13F 





Abnormal Electrocardiograms 
and Cardiovascular Risk: 
Role of Silent Myocardial ischemia 


EVIDENCE FROM MRFIT 


Jerome D. Cohen, MD 


The Multiple Risk Factor Intervention Trial (MRFIT) 


was designed as a primary prevention study to 
test the effect of multifactorial intervention on 
long-term outcome in men with a combination of 
risk factors that placed them in the top 10—15 
percentiles of risk for coronary artery disease. Of 
the 12,866 patients in this study, the 3,600 men 
(about 28%) with abnormalities in the baseline 
electrocardiogram were prospectively identified. 
They were expected to be at increased risk for 
coronary events compared with those without 
electrocardiographic abnormalities. Analysis of 
cumulative mortality data following antihyperten- 
sive regimens that included high dosages of di- 
uretics revealed an association between electro- 
cardiographic abnormalities at rest and diuretic 
treatment that related to adverse outcome. 
When the dosages of the diuretic were lowered, 
this trend was reversed. It is proposed that di- 
uretic-related hypokalemia may predispose pa- 
tients who may have silent myocardial ischemia 
to potentially fatal arrhythmias and that use of 
potassium-sparing antihypertensive regimens be 
considered in high-risk hypertensive patients. 
(Am J Cardiol 1992;70:14F—18F) 
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provocative aspect of silent myocardial 
Aen is the wide range of patient 

populations in which it can be studied. 
This broad distribution prompts the question: Can 
results in one patient population have implications 
for another patient group? This article reports data 
that suggest that silent myocardial ischemia was a 
parameter of cardiovascular risk in hypertensive 
men enrolled in the Multiple Risk Factor Interven- 
tion Trial (MRFIT). As will be seen, these data 
provide insights into risk-factor intervention in 
other populations. 


METHODS 

The MRFIT was designed as a primary preven- 
tion study to test the effect of multifactorial inter- 
vention on long-term outcome in men between the 
ages of 35 and 57 years whose combination of risk 
factors placed them at increased risk of coronary 
artery disease mortality, the primary endpoint of 
the trial. The risk factors evaluated included hyper- 
tension, hypercholesterolemia, and smoking. A 
total of 12,866 patients were enrolled. Of these, 
8,012 patients (approximately 63%) were hyperten- 
sive at baseline (hypertension was defined as dia- 
stolic blood pressure >90 mm Hg and/or taking 
prescribed antihypertensive medication). At ran- 
domization, 4,014 of these had diastolic blood 
pressure values of 90-99 mm Hg and 1,510 had 
values > 100 mm Hg; 2,488 were taking antihyper- 
tensive medication. 

Study subjects were randomized to 1 of 2 groups: 
the 6,438 members of the first group (usual care 
[UC] group) were referred to their usual sources of 
medical care in the community; the 6,428 patients 
in the second group (special intervention [SI] 
group) received a more aggressive intervention 
regimen that consisted of dietary advice to lower 
cholesterol, counseling to end smoking, and 
stepped-care antihypertensive drug therapy. The 
initial dosage administered in a stepped-care 
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protocol to the SI group was 50 mg/day of a di- 
uretic, either chlorthalidone or hydrochlorothia- 
zide, increased to 100 mg/day from step 1a to 1b. If 
diastolic blood pressure goals (range 80-89 mm 
Hg)! were not achieved with this regimen, reser- 
pine and then hydralazine was added to the regi- 
men. The agents used in the initial stepped-care 
antihypertensive regimen are summarized in 
Table I. 

Inclusion and statistical criteria have been de- 
scribed previously,'? but 2 aspects of the trial 
design are of particular relevance to this presenta- 
tion and should be noted. First, all study subjects 
were asymptomatic and free of clinical coronary 
artery disease. Since this was a primary prevention 
trial, all individuals with any indication of existing 
coronary artery disease (such as a history of angina 
or myocardial infarction) were excluded. Second, 
the trial design included an a priori hypothesis that 
individuals with electrocardiographic (ECG) abnor- 
malities would have a worse outcome than those 
with normal ECG data when comparing the 2 
randomized groups. This hypothesis was based on 
reasoning that ECG changes may represent subclin- 
ical disease and that individuals with ECG findings 
may be less susceptible to the beneficial effects of 
risk factor reduction. Accordingly, ECG data were 
obtained at the second and third screening visits 
and annually thereafter for 6-7 years. 


RESULTS 

Resting ECG abnormalities at baseline were 
observed in 27.9% of the 12,866 enrollees (Table 
II). According to Minnesota code classifications, 
the most prevalent abnormality (11.0%, represent- 
ing 39.2% of patients with resting ECG abnormali- 
ties) was an R wave with an amplitude greater than 
normal. This abnormality is consistent with under- 
lying hypertensive heart disease or left ventricular 
hypertrophy. Intraventricular conduction defects 
(not including bundle branch block) had a preva- 
lence of 6.8%. ST-segment elevation or depression 
—the latter often a manifestation of myocardial 
ischemia, especially in high-risk middle-aged men— 
occurred in 3.7% of participants. The coronary 
artery disease mortality data in both subgroups were 
analyzed versus baseline diastolic blood pressure. 

Baseline resting ECG abnormalities absent: 
At all levels of diastolic blood pressure, the UC 
group displayed a trend toward higher coronary 
artery disease mortality, although the trend reached 
statistical significance only in the group with mild- 
to-moderate hypertension. Among patients with 
diastolic blood pressure <90 mm Hg, the mortality 


TABLE I Antihypertensive Stepped-Care Drug Protocol Used in 
the Multiple Risk Factor Intervention Trial (MRFIT) 


Step Action Type of Drug Agent (Dosage) 


Initiate Diuretic Chlorthalidone (50—100 mg/day)* 


or 
Hydrochlorothiazide (50—100 mg/day) 


Reserpine (0.10—0.25 mg/day) 
or 

Methyldopat (500—2,000 mg/day) 
or 

Propranololt (80—480 mg/day) 

3 Add Vasodilator Hydralazine (30—200 mg/day) 


4 Add Antiadrenergic Guanethidine (10—200 mg/day) 
*Subsequently changed to chlorthalidone < 50 mg/day. 
tAlternative if reserpine contraindicated or not tolerated. 


TABLE II Distribution of Resting Electrocardiographic 
Abnormalities* and Mean Diastolic Blood Pressure at Entry into 
the Multiple Risk Factor Intervention Trial (MRFIT) 


2 Add Antiadrenergic 





Participants 
— Baseline 
Diastolic 

BP (mm Hg) 


Those with 
% Abnormalities 


Type of Abnormality (MC) No. of All (%) 


High R waves (3.1—3.3) 


IV conduction defects 
(7.1-7.8) 


Negative T waves (5.1—5.3) 
Arrhythmias (8.1—8.6) 
Left-axis deviation < —30° 


1,410 11.0 
869 6.8 


511 4.0 
490 3.8 
380 3.0 
240 1.9 
256 ~1.8 
184 1.4 
180 1.4 


ST elevation (9.2) 
ST depression (4.1—4.3) 
Q-QS waves (1.1—1.3) 


AV conduction defects 
(6.1—6.8) 


Right-axis deviation > 120° 7 | 
Low QRS amplitude (9.1) 6. 00 


3,593, 27.9 
9.272 723 


*Because the abnormalities are not mutually exclusive, participants may be counted 
more than once. 
AV = atrioventricular; BP = blood pressure; IV = intraventricular; MC = Minnesota 


code, 
From Am J Cardiol. 


Any abnormality 
No abnormality 





rate was 2.7% (number of deaths = 49) in the SI 
group compared with 3.2% (n = 59) in the UC 
group (p = 0.20). Among participants with dias- 
tolic blood pressure of 90-99 mm Hg, the rates 
were 2.2% (n = 32) in the SI group compared with 
3.3% (n = 49) in the UC group (p = 0.04). Among 
participants with diastolic blood pressure > 100 
mm Hg, the rates were 3.2% (n = 16) in the SI 
group compared with 4.6% (n = 23) in the UC 
group (p = 0.13). 

Baseline resting ECG abnormalities present: 
This group displayed an opposite trend in coronary 
artery disease mortality with the exception of 
patients who had moderate to severe hypertension 
(diastolic blood pressure > 100 mm Hg). Among 
participants who were normotensive at baseline 
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FIGURE 1. Cumulative coronary artery disease (CHD) mor- 
tality for hypertensive men with baseline electrocardio- 
graphic abnormalities at rest in the Multiple Risk Factor 
Intervention Trial. A total of 3,593 men in the special inter- 
vention (SI) and usual care (UC) groups—almost 30% of all 
p such abnormalities. (Adapted from Am 
J Cardiol.*) 


(diastolic blood pressure <90 mm Hg), the coro- 
nary artery disease mortality rate was 3.7% (n = 22) 
in the SI group compared with 2.6% (n = 15) in 
the UC group (p = 0.15). Among participants with 
diastolic blood pressure of 90-99 mm Hg, the 
increased coronary artery disease mortality rate in 
the SI group reached statistical significance at 
4.3% (n = 24) versus 2.2% (n = 12) in the UC 
group (p = 0.03). By contrast, among patients with 
diastolic blood pressure >100 mm Hg, the SI 
group tended to have a better outcome, with a 
mortality rate of 4.5% (n = 12) versus 7.2% 
(n = 17) in the UC group (p = 0.14). 

The 7-year cumulative coronary artery disease 
mortality data for hypertensive participants with an 
abnormal resting ECG are summarized in Figure 
1.3 Although coronary artery disease mortality was 
29.2 per 1,000 in the SI group versus 17.7 per 1,000 
in the UC group, the difference was not quite 
statistically significant (p = 0.06). 

Within-group analysis revealed a relation be- 
tween ECG abnormalities at rest and diuretic 
treatment.? Among SI men with baseline ECG 
abnormalities, those receiving diuretics were at 
3.34-fold greater risk of death from coronary artery 
disease than those not receiving diuretics. (The 
excessive mortality rate mainly reflected cases of 
sudden death, defined as death within 60 minutes.) 
Among SI participants with a normal resting ECG, 





the corresponding risk was 0.95. Although some 
patients in the UC group were also given the 
diuretics by their own physicians, the doses they 
received on average were lower, and no correlation 
between diuretic use and coronary artery disease 
mortality was found. These data prompted a reeval- 
uation of the diuretic regimen used in MRFIT, and 
2 years before the trial ended SI participants taking 
hydrochlorothiazide were switched to chlorthali- 
done at a maximum daily dosage of 50 mg.* 

The difference between the mortality rates of SI 
and UC participants observed before and after this 
change in regimen was consistent with the hypoth- 
esis that hydrochlorothiazide at the higher doses 
contributed to the higher coronary artery disease 
mortality. Before the regimen change, the coro- 
nary artery disease mortality rate was 44% higher 
for SI patients than for UC patients in those clinics 
predominantly using hydrochlorothiazide for anti- 
hypertensive treatment (p = 0.23). After the regi- 
men change, the coronary artery disease mortality 
rate for SI patients was 28% lower than for UC in 
those same clinics (p = 0.14). At 10.5 years of 
follow-up, the mortality rate for coronary artery 
disease in the SI group was 15% lower (p = 0.19) 
than in the UC group and 11% lower (p = 0.13) 
for all causes of death combined.* These data are 
for all participants, including those with and with- 
out baseline resting ECG abnormalities. 


DISCUSSION 

Among MRFIT participants with baseline ECG 
abnormalities, it is reasonable to assume that, in at 
least some of these individuals, this represents 
asymptomatic or silent myocardial ischemia. 
Positron emission tomographic (PET) studies have 
shown that physical exercise, mental stress, cold 
temperatures, and a wide range of other physio- 
logic stimuli can provoke episodes of silent myocar- 
dial ischemia in susceptible individuals.’ In a study 
using radionuclide ventriculography, public speak- 
ing—an anxiety-provoking, personally meaningful 
task—induced a level of cardiac dysfunction simi- 
lar to that produced by exercise testing.» Two 
factors indicate that ischemia was the cause of the 
segmental wall-motion abnormalities induced by 
mental stress: (1) the correlation between these 
abnormalities and thallium perfusion defects and 
(2) their occurrence within the distribution of 
documented coronary artery disease.’ 

Catecholamine effects, such as increased myocar- 
dial oxygen demand, have been proposed as a 
possible mechanism for stress-induced silent myo- 
cardial ischemia.” Other investigators have re- 
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ported data suggesting that endothelial dysfunc- 
tion may occur early in the coronary disease 
process and that this dysfunction may result in 
paradoxical vasoconstriction of the coronary arter- 
ies under stress.° 

In patients with confirmed coronary artery dis- 
ease, the prognostic importance of silent myocar- 
dial ischemia has been convincingly established. 
These patients with coronary artery disease and 
silent myocardial ischemia are at high risk for 
subsequent cardiac events.’? In asymptomatic, 
high-risk men with resting ECG abnormalities, 
these data suggest that the high-dose diuretic 
regimen may have interacted to precipitate an 
adverse effect on outcome. Particularly at high 
doses, thiazide diuretics are associated with hy- 
pokalemia and hypomagnesemia; these electrolyte 
abnormalities can place patients at risk for ventric- 
ular arrhythmias.”!°-'!* The release of cate- 
= cholamines (such as epinephrine) during excessive 
sympathetic activity, as might occur during periods 
of stress, may also induce hypokalemia!’ and poten- 
tiate the effect of diuretic-related potassium loss.'* 
Ventricular ectopic activity that can result from 
hypokalemia may then cause sudden death in a 
predisposed high-risk individual."! 

Low-dose chlorthalidone treatment has been 
evaluated more recently in the setting of a different 
population, and the favorable outcome is consis- 
tent with the observations from MRFIT. The 
Systolic Hypertension in the Elderly Program 
(SHEP) was conducted in an elderly population 
(aged >60 years) with isolated systolic hyperten- 
sion. In this study, 61.3% (n = 2,365) of the 
active treatment group and 60.7% (n = 2,371) of 
the placebo control group had baseline resting 
ECG abnormalities. By study end, 46% of the 
participants in the active treatment group were 
receiving a low-dose diuretic—12.5 or 25 mg of 
chlorthalidone—daily. Among participants with 
baseline abnormalities, 29 sudden deaths occurred 
in the active treatment group compared with 36 in 
the placebo group, and the relative risk of nonfatal 
myocardial infarction plus coronary death was 0.69 
(95% confidence interval, 0.50-0.94). Among par- 
ticipants without ECG abnormalities, the active 
treatment group had 15 sudden deaths compared 
with 10 in the placebo group (relative risk 0.83; 
95% confidence interval, 0.53—1.29). Importantly, 
treatment of hypertension with low-dose chlorthali- 
done reduced total stroke incidence by 36% over a 
5-year period when comparing the active treatment 
group to the placebo control group. The SHEP 
investigators concluded that these data suggest a 
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FIGURE 2. Proposed relation between silent myocardial 
ischemia, diuretic use, and sudden cardiac death. 
? = Increase. 


Hypokalemia 


benefit for treatment of patients with isolated 
systolic hypertension, including those with and 
those without baseline ECG abnormalities. 

In light of these data, it seems reasonable to 
speculate that premature ventricular complexes 
may play a central role in the interaction between 
occult heart disease and the effects of high-dose 
diuretic therapy (Figure 2). Hypertensive patients 
who have occult heart disease may experience 
episodes of silent myocardial ischemia during phys- 
ical or mental stress. Diuretics administered in 
high doses to manage hypertension in these pa- 
tients can provoke hypokalemia. The combination 
of ischemia and potassium deficiency creates a 
favorable environment for ventricular arrhythmias, 
which in the milieu of occult heart disease, may 
trigger tachyarrhythmia and sudden death. The 
benefits of low-dose diuretics for hypertensive 
treatment have been clearly established. With 
further advances in our understanding of how 
silent myocardial ischemia and hypokalemia may 
interact, it is hoped that the benefits of lowering 
blood pressure in high-risk hypertensive patients 
can be further advanced. 
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Role of Myocardial Oxygen Demand in the 
Pathogenesis of Silent Ischemia During 
Daily Life 


Prakash C. Deedwania, mD, Enrique V. Carbajal, MD 


The role of myocardial oxygen demand in the 
pathogenesis of silent ambulatory myocardial 
ischemia was evaluated by reviewing and assess- 
ing the methods and results of recent studies. 
The performance of simultaneous ambulatory 
electrocardiographic and blood pressure moni- 
toring in 25 men with proven coronary artery dis- 
ease (CAD) revealed significant increases in 
heart rate and blood pressure (p <0.001) preced- 
ing most silent ischemic events. By plotting the 
mean heart rate obtained at 5-minute intervals 
during the 30 minutes before an ischemic event, 
the ischemic heart rate was shown to be signifi- 
cantly higher (95 + 15 vs 74 + 11 beats per 
minute [bpm]; p <0.01) than the nonischemic 
heart rate. The evaluation of heart rate changes 
during ambulatory ischemia (in patients with CAD 
and ischemia induced by an exercise test using 
gradual work load increments) showed a signifi- 
cant heart rate increase (>10 bpm) at 1—5 min- 
utes preceding the onset of ST-segment depres- 
sion. Heart rate increases during exercise testing 
according to the gradual work load increments of 
the National Institutes of Health protocol were 
compared with the heart rate preceding ischemic 
events during daily life monitored by ambulatory 
electrocardiography and were found to be closely 
related. In contrast, heart rate increases that 
occurred during exercise testing using the stan- 
dard Bruce protocol were higher and correlated 
less with those preceding ischemia in daily life. 
Heart rate and blood pressure increased signifi- 
cantly in most silent ischemic episodes, indicat- 
ing that increased myocardial oxygen demand 
plays a significant role in the pathogenesis of 
myocardial ischemia during daily life. 

(Am J Cardiol 1992:70:19F—24F) 
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ccording to the results of ambulatory elec- 
À esssionhi monitoring (AEM) stud- 

ies, patients with coronary artery disease 
(CAD) frequently experience transient myocardial 
ischemic episodes during routine daily activities." 
The vast majority of these episodes are asymptom- 
atic; they usually occur during minimal physical 
activity or at rest. Although most of the patients 
evaluated in these studies displayed evidence of 
fixed atherosclerotic CAD and ischemia during 
exercise testing, the role of increased myocardial 
oxygen demand in the genesis of ischemic episodes 
during daily life remains controversial. 

Because most ischemic episodes occur at rest or 
during minimal physical activity, it has been sug- 
gested that an increase in myocardial oxygen de- 
mand might not play a significant role in spontane- 
ous ischemia during daily life.!>.° Further, relatively 
small heart rate increases preceding transient isch- 
emic episodes recorded during AEM®® suggest 
that other pathogenetic mechanisms, such as coro- 
nary vasospasm or increased platelet aggregation, 
may play dominant roles. This hypothesis is sup- 
ported by the indirect evidence derived from com- 
paring the heart rate increase before onset of 
ischemia during exercise testing with that observed 
during AEM.’ 

Because the heart rate increment during sponta- 
neous ischemic episodes was less than that ob- 
served during exercise-induced ischemia, it has 
been proposed that transient reductions in coro- 
nary blood flow may play a major role in the genesis 
of silent ambulatory myocardial ischemia. How- 
ever, the results of these studies are conflicting and 
inconclusive. For example, Deanfield et alf found 
that only 34% of transient ischemic events were 
preceded by a heart rate increase of > 10 beats per 
minute (bpm). In a later report, Chierchia et alë 
found that 42% of silent ischemic events followed a 
heart rate increment of >5 bpm during the 15 
minutes before onset of significant ST-segment 
depression. In contrast to these reports, more 
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TABLE I Heart Rate, Systolic Blood Pressure, and Double Product During Ambulatory Monitoring at Baseline, Before Onset of ST 
Depression, and at 1-nam and Peak ST Depression 


Baseline 


Heart rate EZ i 8.0 
A Heart rate — — 
Systolic BP 14.9 110.6 15.4 
A Systolic BP — — — 
Double product 8,818 1,885 6,522 1,289 

A Double product — — — — 
*p <0.001 compared with baseline. 


A = change; double product = heart rate x systolic blood pressure; ST = ST segment. 
Reprinted with permission fram Circulation. ! 





recent studies have shown that most transient 
ischemic episodes, both silent and symptomatic, 
are preceded by a significant increase in heart 
rate.2-3 Quyyumi and colleagues’ demonstrated 
that >96% of transient ischemic events were 
preceded by an increase in heart rate. Similarly, 
Hausmann et al! showed a heart rate increase of 
> 10 bpm before 95% of silent ischemic episodes 
during ambulatory monitoring. 

As a result of these conflicting reports, the 
precise mechanism of myocardial ischemia during 
daily activity remains unclear. Further, these stud- 
ies did not simultaneously evaluate blood pressure, 
an important determinant of myocardial oxygen 
demand. The primary purpose of this article is to 
evaluate the available evidence supporting the role 
of myocardial oxygen demand by reviewing the 
results of recent studies that have addressed the 
pathogenesis of silent myocardial ischemia during 
daily life. 


COMPREHENSIVE MONITORING OF 
HEMODYNAMIC ISCHEMIC CHANGES 

Although some earlier studies simultaneously 
evaluated blood pressure and electrocardiographic 
(ECG) changes, most were conducted in hospital- 
ized patients with angina pectoris.'*'© Since these 
studies evaluated the circulatory changes that oc- 
curred after the onset of primarily symptomatic 
ischemic events, they provided no information 
about the changes in blood pressure that precede 
the onset of silent ischemic episodes. Therefore, 
we recently performed simultaneous AEM and 
blood pressure monitoring in an effort to elucidate 
the pathophysiologic mechanism responsible for 
engendering silent ischemic events." 

To this end, we evaluated the changes in heart 
rate and blood pressure that preceded the onset of 
silent myocardial ischemia in 25 men (mean age 61 


9,486* 
1,262 


At Peak 
ST Depression 


At 1-mm 
ST Depression 


Before Onset 
of ST Depression 


Mean SD 


16.6 . 19.4 99.6* 19.9 
113 13.1 30.4 13.6 


130.2* 18.5 22.5 141.7* 21:9 
9.8 18.9 ' 21:9 22.1 22.5 

2,504 12,400* 2,981 13;792* 3,329 

2,031 4,194 2,300 5,627 2,760 


years) with stable angina and documented CAD." 
Patients were instructed to pursue their usual daily 
activities while maintaining a precise record of 
anginal episodes and nitroglycerin use during the 
monitoring period. The diagnostic criteria for isch- 
emic events on AEM were horizontal or downslop- 
ing ST-segment depression > 1 mm persisting for 
80 msec after the J-point and lasting for >1 
minute. Those episodes meeting the diagnostic 
criteria were classified as symptomatic or silent on 
the basis of patients’ diary entries. Baseline heart 
rate and blood pressure values were calculated 
separately during sleep and wakefulness by averag- 
ing all available values recorded during a 2-hour 
ischemia-free period. These baseline heart rate 
values were then compared with the values taken 1 
minute before the recording of 1 mm of ST- 
segment depression and at peak ST-segment de- 
pression during each ischemic event. Similarly, the 
baseline systolic blood pressure values were com- 
pared to those obtained within 10 minutes preced- 
ing the ischemic event, at 1 mm of ST-segment 
depression and at peak ST-segment shifts. All 
patients showed evidence of exercise-induced isch- 
emia during maximal exercise tolerance testing. 
During exercise, the heart rate and systolic blood 
pressure at baseline, 1 mm of ST depression, peak 
exercise, and maximum ST depression were ob- 
tained and compared with the corresponding val- 
ues recorded during AEM. 

During 650 hours of monitoring, 92 transient 
ischemic episodes meeting the diagnostic criteria 
were observed. Of these, 85 episodes (92%) were 
silent. When compared with baseline values, both 
heart rate and systolic blood pressure showed 
significant increases before silent ischemic epi- 
sodes (Table I). Of the 85 silent ischemic episodes, 
61% were preceded by a significant increase (aver- 
age >5 bpm) in heart rate. Systolic blood pressure, 
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measured an average of 6 minutes before the 
episodes, also increased significantly in 73% of the 
56 events with available blood pressure data. As 
expected, greater increases in both heart rate and 
systolic blood pressure took place at 1 mm of 
ST-segment depression and at peak depression. 
Hemodynamic changes during exercise- 
induced versus ambulatory ischemia: When the 
percentages of heart rate and blood pressure 
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changes from baseline during exercise testing were 
compared with those observed during AEM, signif- 
icant differences were revealed only in the heart 
rate and double product noted at 1 mm of ST- 
segment depression. Interestingly, despite the 
greater degree of ST-segment depression found 
during exercise testing (2.2 + 1.1 vs 1.5 + 0.6 mm 
during AEM; p <0.001), no significant differences 
between the percentage increases in heart rate and 
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blood pressure were seen at peak ST-segment 
depression. 

Circadian pattern of silent ischemic events: 
The 24-hour distribution of the 92 transient isch- 
emic events, as well as changes in heart rate, 
systolic blood pressure, and double-product values, 
revealed a circadian pattern (Figure 1). The total 
number of silent ischemic events abruptly in- 
creased during the morning hours, with 34% occur- 
ring between 6 A.M. and noon. The heart rate, 
systolic blood pressure, and double product paral- 
leled the silent ischemic activity with simultaneous 
abrupt increases during these hours. Silent isch- 
emic episodes peaked again between 8 and 9 P.M. 
This distribution of silent ischemic events was 
similar to the circadian pattern of circulatory 
changes during 24-hour monitoring. 

Study results: [n patients with stable CAD, 
most silent ischemic events during unrestricted 
daily activity were preceded by increases in heart 
rate and systolic blood pressure. Further, the 
progressive increase in circulatory changes during 
ischemic episodes, whether silent or symptomatic, 
provided good evidence of the hemodynamic conse- 
quences associated with myocardial ischemia. These 
hemodynamic changes might even intensify and 
lengthen the duration of ischemia. 

The net changes in heart rate and systolic blood 
pressure during the silent ischemic events recorded 
on AEM showed significant increases from corre- 
sponding baseline values; however, these changes 
were not as great as those observed with exercise 
testing. The relative percent increases in systolic 
blood pressure at 1 mm of ST-segment depression 
during exercise testing and AEM were compara- 
ble. The similarities between circulatory changes 
during exercise-induced ischemia and silent ambu- 
latory ischemia further support the concept that 
increased myocardial oxygen demand plays a signif- 
icant role in the genesis of silent myocardial 
ischemia during daily life. 


CORROBORATING INVESTIGATIONS 

Several other recent studies that evaluated the 
role of heart rate changes in the pathogenesis of 
transient ischemia during AEM have confirmed 
the above findings by showing that a significant 
increase in the heart rate precedes the vast major- 
ity of ischemic episodes. McLenachan et al!” stud- 
ied the role of heart rate changes before the onset 
of ischemia during AEM in 21 patients by plotting 
mean heart rate obtained at 5-minute intervals 
during the 30 minutes preceding an ischemic event. 
Significant increases in heart rate preceded most 


ischemic episodes. The heart rate began to in- 
crease at approximately 30 minutes before the 
onset of ischemia and the increment became signif- 
icant at 15 minutes before onset of ST-segment 
depression. When mean heart rates during the 
nonischemic period were compared, the ischemic 
heart rate was significantly higher (95 + 15 bpm vs 
74 + 11 bpm, p <0.01) than the nonischemic heart 
rate. Although the heart rate increased frequently 
during the monitoring period, the duration of heart 
rate increases preceding ischemic events was signif- 
icantly longer than those unassociated with isch- 
emic episodes (median 35 minutes vs 7.5 minutes, 
p <0.001). These results suggest that in some 
cases, a persistent increase in heart rate may be 
needed to trigger ischemic events. 

The pathogenetic significance of heart rate 
changes was also evaluated by observing the effects 
of therapy with propranolol or nitroglycerin on 
ischemic episodes during AEM.'* Treatment with 
propranolol more effectively suppressed ischemic 
episodes that demonstrated high heart rates ( > 100 
bpm) at their onset, suggesting that the beneficial 
effect of this drug resulted from its reduction of 
myocardial oxygen demand (Figure 2). In contrast, 
nitroglycerin more effectively suppressed ischemic 
events accompanied by low heart rates (<80 bpm) 
at their onset, indicating that these episodes might 
result primarily from alterations in coronary blood 
flow. 

The role of increased myocardial oxygen de- 
mand in relation to ischemia during daily life was 
further evaluated in a study of 50 patients with 
CAD and exercise-induced ischemic ST depres- 
sion.!? All patients had experienced ischemia dur- 
ing a symptom-limited bicycle exercise test that 
included gradual increments in work load. Isch- 
emic ST-segment depression was observed during 
AEM in 62% (n = 31) of patients. Most events 
(94%) were silent; only 14 events (6%) were 
associated with angina. In 47% of ischemic epi- 
sodes, the heart rate increased significantly (> 10 
bpm) and the increase persisted for >5 minutes 
before the onset of ischemia. In an additional 35% 
of episodes, the heart rate increase occurred 1-5 
minutes before the onset of ST depression. The 
ST-segment depression preceded the increase in 
heart rate in only 8% of episodes. Although 35% of 
ischemic episodes occurred between 6 A.M. and 
noon, no significant diurnal variation in heart rate 
was associated with ischemic ST-segment depres- 
sion. 

Interestingly, a significant relation was found in 
this study between heart rate at the onset of 
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exercise-induced ischemia and at the onset of 
ischemic episodes during AEM (r = 0.74, 
p <0.001) in most patients.'’ Those patients who 
had a high threshold for exercise-induced ischemia 
exhibited episodes of ischemia during AEM that 
were associated with high heart rates. This relation 
was demonstrated by using a supine bicycle exer- 
cise protocol that produced gradual increases in 
work load to simulate the work load levels attained 
during routine daily activities. 

The significance of gradually increasing work 
load during exercise testing to compare the magni- 
tude of heart rate changes during exercise-induced 
ischemia with those observed during ischemic epi- 
sodes on AEM was recently emphasized by Panza 
et al.!’ In this study, 70 patients with stable CAD 
had 48-hour AEM and underwent exercise tread- 
mill testing using 2 different exercise protocols 
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FIGURE 2. Heart rate values at onset of ischemia for 59 
episodes during treatment with placebo and 31 episodes 
during treatment with propranolol (top), and for 53 isch- 
emic episodes detected during placebo treatment and 47 
during nitroglycerin treatment (bottom). Top: Shaded ar- 
eas represent the reduction in ischemic events at high 
heart rates and the small increase in events at lower heart 
rates with propranolol therapy. Bottom: Shaded areas 
represent the reduction in ischemic events at low heart 
rates and the increase in events at higher heart rates dur- 
ing nitrate therapy. (Reprinted with permission from 
Circulation.*) 


(National Institutes of Health [NIH] combined 
and Bruce protocols). The mean heart rate at onset 
of exercise-induced ischemia correlated better with 
the number of ischemic episodes detected during 
AEM when the NIH protocol was used than when 
the Bruce protocol was used. These results, like the 
findings of Hinderliter et al,!*> showed that heart 
rate at onset of ischemic episodes during daily life 
is not significantly different from heart rate at 
onset of ischemia during progressive increases in 
work load with the NIH protocol (Figure 3). In 
contrast, the relation between heart rates at the 
onset of ischemia during the Bruce protocol and 
during AEM was not as strong. The Bruce protocol 
was associated with steeper increases in heart rate, 
higher mean heart rate, and a shorter time before 
onset of ischemia. 

The results of both latter studies!*!’ provide a 
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FIGURE 3. Correlation between heart rate at onset of isch- 
emic episodes during ambulatory electrocardiographic 
monitoring (AEM) and heart rate at onset of ST- 
depression during exercise testing with the National Insti- 
tutes of Health (NIH) combined protocol (top) and the 
Bruce protocol (bottom). Both exercise protocols corre- 
lated with AEM; however, the correlation with the NIH com- 
bined protocol was significantly stronger. (Reprinted with 
permission from J Am Coll Cardiol.*") 
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reasonable explanation for the previously reported 
lack of relation between heart rates at the onset of 
exercise-induced ischemia and AEM-recorded isch- 
emia. Most earlier studies used the standard Bruce 
protocol, in which rapid increments in work load 
are imposed during exercise testing. Therefore, it is 
not surprising that the heart rates at the onset of 
exercise-induced ischemia in previous studies were 
significąntly greater than those that occur during 
daily life. 


CLINICAL IMPLICATIONS 

This review of the available data clearly demon- 
strates that, as in anginal episodes, most silent 
ischemic episodes are preceded by significant in- 
creases in heart rate and/or systolic blood pres- 
sure. Thus, an increase in myocardial oxygen de- 
mand must play a significant role in the genesis of 
silent ischemic episodes. These data are clinically 
important, since the appropriate choice of therapy 
should be based on the underlying pathophysio- 
logic process. If increased myocardial oxygen de- 
mand (evidenced by increased heart rate and blood 
pressure responses preceding silent ischemic 
events) plays a significant role, the ideal therapeu- 
tic choices are drugs such as B-blocking agents or 
calcium antagonists, which slow the heart rate and 
reduce blood pressure.!*-”? 
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Use of Intracoronary Ultrasonography in 
Assessing Pharmacotherapy for Myocardial 
ischemia 


Morton J. Kern, MD 


Intracoronary ultrasonography can provide mor- 


phologic and physiologic information on coronary 
vasomotor responses to pharmacotherapy. Pre- 
liminary studies indicate a high correlation be- 
tween dimensions determined by 2-dimensional 
echocardiography, angiography, and pathology. 
Similarly, the emerging data on intracoronary 
Doppler flow velocity responses beyond athero- 
sclerotic obstructions before, during, and after 
coronary balloon occlusion will provide further 
insights into myocardial oxygen supply and its 
responses to pharmacotherapy during controlled 
myocardial ischemia. 

(Am J Cardiol 1992;70:25F—34F) 
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emia has been studied during balloon occlu- 
sion of the coronary arteries in patients 
undergoing percutaneous transluminal coronary 
angioplasty. In this procedure, measurement of 
left ventricular function was achieved simulta- 
neously by traditional hemodynamic methods and 
by transthoracic 2-dimensional (2D) and Doppler 
echocardiographic techniques.'*+ With the con- 
trolled model of mechanically induced myocardial 
ischemia, the use of various pharmacologic agents 
(e.g., calcium antagonists, B blockers, nitrates, and 
perfluorocarbon oxygenated solutions) can be eval- 
uated for the degree of amelioration of myocardial 
ischemia that each drug may produce during tran- 
sient cessation of coronary blood flow.> 
In addition to providing precise measurements 
of coronary artery dimensions with 2D imaging, 
intracoronary ultrasonography can gauge responses 
to coronary vasomotor activity (i.e., vasodilation 
and vasoconstriction).”° Further, intracoronary 
Doppler ultrasonography can accurately measure 
coronary blood flow velocity.”'° Because of its 
ability to determine the morphologic and physio- 
logic effects of mechanical and pharmacologic 
perturbations, intracoronary ultrasonography has 
great potential for revealing alterations in cardiac 
physiology at rest and during therapeutic interven- 
tions. Future advances combining these 2 ultrasono- 
graphic methodologies will likely provide data on 
volumetric flow responses, information critical in 
the assessment of myocardial oxygen supply during 
ischemia, and the response of myocardial ischemia 
to pharmacotherapy. 


P harmacologic modulation of myocardial isch- 


INTRAVASCULAR ULTRASONOGRAPHY 
Intravascular ultrasonographic technology now 
permits positioning of a 20—40 MHz piezoelectric 
silicon crystal either on a rotating internal cable or 
mounted externally and electronically controlled 
on a 3.5-5.0 French (F) angioplasty-style catheter. 
These imaging systems provide sufficient 2-D 
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image quality to allow interpretation of the trans- 
verse structural composition of a coronary artery in 
a plane perpendicular to the catheter long axis 
(Figure 1). Imaging of the muscular arteries, such 
as those of the human coronary system, discloses a 
3-layered structure with characteristic, distinctive 
reference features, permitting definition of the 
outer boundary of plaque and the inner luminal 
area. 

Studies of intravascular ultrasonographic im- 
ages indicate satisfactory correlation with his- 
topathologic vessel structure.!+!? Although correla- 
tions of luminal diameter and wall thickness with 
histologic measurements have been uniformly high, 
measurements of the dimensions of vessel wall 
layers and overall wall thickness are reported to be 
less accurate than determinations of luminal diam- 
eter.’ St. Goar et al" used intravascular ultrasonog- 
raphy to image angiographically normal coronary 
arteries and provide an in vivo comparison with 
quantitative angiography. After introducing a 30 
MHz ultrasonographic catheter into the mid-left 
anterior descending artery via the left main coro- 
nary ostium, these researchers performed simulta- 
neous measurements at 76 sites. Coronary diame- 
ters determined angiographically correlated closely 
with diameters measured ultrasonographically 
(r = 0.86-0.88), depending on the perpendicular 
alignment of the intravascular catheter. 

The rendering of layers of the muscular artery in 
the ultrasonographic image is further complicated 
by variations in the acoustic properties of the tissue 
being imaged. The luminal, intimal, medial, and 
adventitial interfaces have relatively large differ- 
ences in acoustic impedance that provide surfaces 
for differentiation. However, there is a trailing- 
edge effect of echocardiographic imaging that 
causes spreading or “blooming” of the intimal 
image, which results in more widely spaced bound- 
aries for the intima than those determined by 
histologic and pathologic examination." In vivo 
intracoronary ultrasonographic measurements 
closely correlate with those obtained by quantita- 
tive angiography'*; however, the former tend to be 
slightly larger. 

Although several systems provide high-quality 
images in vivo during cardiac catheterization of 
patients,’ visualization of the arterial wall architec- 
ture with ultrasonography has a distinct practical 
advantage over fiberoptic angioscopy, which re- 
quires arterial occlusion and flushing with a clear 
solution. In addition to wall thickness, intravascu- 
lar ultrasonography reveals subintimal details of 
atheroma. After establishing reference values for 
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these features, the dimensions of the entire vessel 
and intraluminal area can then be computed. 
Extrapolation of 3-dimensional images of vessels 
from the 2-D slices is a reasonably straightforward 
extension of current computer technology; the 
result provides a topographic map of regions that 
may respond favorably to pharmacotherapy and 
regions that may respond in an abnormal fashion.4 

An alternative to direct intracoronary imaging 
involves use of the transvenous route, i.e., the 
catheter is introduced into the anterior intracar- 
diac vein via the coronary sinus. Sudhir et al!® 
inserted 5 F, 30 MHz imaging catheters into the 
coronary venous system of 11 human subjects 
undergoing right heart catheterization in which the 
left anterior descending coronary artery could be 
easily identified. Angiographic correlations and 
differentiation of the left anterior descending and 
circumflex coronary arteries could be obtained in 
most patients. 

Recently, researchers have coupled an intravas- 
cular ultrasound transducer with an angioplasty 
balloon catheter.!’!® The ultrasound transducer, 
positioned within the angioplasty balloon, can 
obtain quantitative and qualitative data on lumen- 
plaque—vessel wall interactions and alterations pre- 
ceding, during, and after coronary or peripheral 
angioplasty in patients. Such techniques may have 
implications in the selection of interventional de- 
vices as well as in determining the vasomotor 
response of abnormal vessels to various common 
drugs after angioplasty trauma. 


INTRACORONARY DOPPLER 
ULTRASONOGRAPHY 

Doppler catheters: Several intracoronary Dop- 
pler catheters are currently available. The nonsub- 
selective, Judkins-style, 8 F coronary Doppler cath- 
eter (Cordis Corporation; Miami, FL) is a standard 
diagnostic Judkins-shaped angiographic catheter 
with a 20 MHz crystal embedded in the tip. With 
this device, left main coronary blood flow velocity 
can be easily measured in most patients. No deep 
instrumentation of the coronary artery is per- 
formed. The nonselective coronary catheter, the 
accuracy of which has been validated against sub- 
selective catheter measurements, is used in pa- 
tients with syndrome X, cardiac transplantation, 
valvular heart disease, or cardiomyopathy who do 
not have more distal coronary atherosclerosis. 
When compared to subselective measurements, 
proximal flow velocity responses are nearly equiva- 
lent to those in more distal locations.!° 

Subselective coronary catheters are 3 F size, 
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Proximal LAD Mid-LAD 


FIGURE 1. Two-dimensional intracoronary ultrasound images obtained with a 30 MHz mechanical transducer in the proxi- 
mal and mid-left anterior descending coronary artery (LAD). The division markers (0.5 mm) are used to quantitate 
changes in dimension during various interventions. The dimensions of the vessel diminish more distally, and the irregu- 
larity on the inferior aspect (6—9 o'clock arrows) of the mid-LAD section demonstrates atherosclerotic plaque. Vasomo- 
tion and responses to pharmacotherapy can be accurately measured. 
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FIGURE 2. Doppler fiow velocity signals at baseline (left) and during adenosine-induced hyperemia (right). The smaller 
systolic flow integral (gray area) begins immediately after the R wave and the larger diastolic flow velocity integral be- 
gins at the aortic pressure dicrotic notch. The peak diastolic velocity and average peak velocity (APV) demonstrate a 
near doubling with coronary hyperemia. Velocity scale is 0-200 cm/sec. DSVR = diastolic/systolic velocity ratio. 
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similar to angioplasty-style balloon catheters, and 
are inserted using standard coronary angioplasty 
technique with 8 F guiding catheters and 0.014- 
inch guide wires. Coronary flow velocity can be 
measured using a zero cross technique within the 
large epicardial coronary branches; the subselec- 
tive 3 F Doppler catheters (Millar Instruments; 
Houston, TX) are not generally used to cross 
coronary atherosclerotic lesions. 

Because of its small size, the Doppler-tipped 
guide wire (0.018-inch Flowire, Cardiometrics, Inc; 
Mountain View, CA) is the only tool that can 
provide information both proximal and distal to 
coronary stenoses in patients with or without coro- 
nary artery disease. In addition, the Doppler guide 
wire provides enhanced data by employing spectral 
velocity signal analysis. 

Determining blood flow velocity: Intravascular 
catheters and guide wires equipped with miniatur- 


APV =41.0 DSVR=0.7 


ized echocardiographic crystals for Doppler flow 
measurements also provide the means for assessing 
physiologic responses to mechanical and pharmaco- 
logic coronary manipulations. Coronary vasodila- 
tive reserve can be determined by assessing coro- 
nary blood flow velocity augmentation with a variety 
of agents, such as nitroglycerin, papaverine, adeno- 
sine and contrast media.’ The recent development 
of the 0.018-inch, 12 MHz, Doppler-tipped angio- 
plasty-style guide wire has introduced a technique 
to measure not only proximal, but also, for the first 
time, distal coronary flow velocity; this capability 
will allow assessment of the physiologic signifi- 
cance of intracoronary obstructions and the vascu- 
lar responses to pharmacologic therapy.””7! In 
addition, the Doppler-tipped guide wire can be 
used during angioplasty to assess collateral flow 
(determined by flow velocity reversal)?» as well as 
the influence of diastolic pressure augmentation on 
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distal coronary flow velocity during intraaortic 
balloon pumping.**+* 

Assessing pharmacologic hyperemia and cor- 
onary flow reserve: [ntracoronary Doppler cathe- 
ters can measure maximal and submaximal changes 
in coronary flow velocity in response to a variety of 
coronary vasodilators. Coronary hyperemia is com- 
monly produced by administration of intracoro- 
nary or intravenous adenosine or use of intracoro- 
nary papaverine, nitroglycerin, or contrast media. 
The typical coronary hyperemic response observed 
with the Doppler guide wire illustrates the charac- 
teristic systolic and diastolic components of coro- 
nary flow velocity (Figure 2). After intracoronary 
administration of 12 wg of adenosine, baseline 
peak diastolic flow velocity increased from 65 to 
105 cm/sec (Figure 2). The area inscribed by the 
diastolic flow edge is the flow velocity integral; in 
response to adenosine, it increased by >2.5 times 


FIGURE 3. A: Angiogram (top) demonstrating proximal 95% 
stenosis and corresponding flow velocity (bottom). Veloc- 
ity scale is 0-200 cm/sec. Note abnormal flow velocity 
pattern compared with Figure 2. B: After initial dilation, 
angiogram has hazy appearance at lesion site. Flow veloc- 
ity shows high-velocity jet (100 cm/sec) that corre- 

to 30 mm Hg residual lesion gradient. C: After 
final dilations, angiogram appears nearly normal, with an 
increase in the distal flow velocity and restoration of the 
normal diastolic-predominant pattern. APV = average 
peak velocity; DSVR = diastolic/systolic velocity ratio. 


baseline value, a normal response to pharmacother- 
apy that elicits maximal coronary reserve. Determi- 
nation of coronary reserve has significant clinical 
importance in the follow-up of patients with syn- 
drome X who have undergone cardiac transplanta- 
tion (especially during episodes of rejection),”° 
patients with left ventricular hypertrophy, and 
those with atypical chest pain syndromes.”© 

Assessing angiographically indeterminate 
coronary lesions: Following coronary angioplasty, 
the angiographic appearance of the dilated lesions 
may be hazy or have some intimal disruption, 
results that are indeterminate. In this setting, 
coronary flow velocity can be used to determine 
flow characteristics across the lesion as well as the 
response of the vessel to pharmacotherapy; this 
will potentially identify vasospasm and/or impend- 
ing occlusion due to mechanical obstruction or 
thrombus. 
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Figure 3 illustrates the angiographic and flow 
velocity correlations in a patient who underwent 
angioplasty for a proximal 95% stenosis of the right 
coronary artery (Figure 3A, top). Corresponding 
coronary flow velocity before the procedure (Fig- 
ure 3A, bottom) demonstrated an impaired peak 
diastolic flow and diastolic-to-systolic flow ratio of 
0.9 (normal > 1.5). After the initial balloon dila- 
tion (Figure 3B), the angiographic results ap- 
peared adequate but the coronary flow velocity, 
measured within the region of the stenosis, showed 
a high-velocity jet. Peak flow velocity increased 
from approximately 20 to 90-100 cm/sec and a 
residual 30 mm Hg pressure gradient was also 
measured. After further dilations, angiography 
showed normal patency. The distal flow velocity 
had increased, with restoration of the normal 
diastolic-predominant pattern (Figure 3C). 





APV =-5.5 


Further, results of a preliminary study at the 
J.G. Mudd Cardiac Catheterization Laboratory 
indicate that proximal-to-distal flow—velocity ratios 
correlate with lesion gradients (Table I).» 

Determining coronary collateral flow and re- 
sponse to pharmacotherapy: Coronary collateral 
flow was first identified clinically with intracoro- 
nary Doppler ultrasonography in 1991.3 The 
typical coronary collateral flow—velocity response 
was characterized by a flow reversal, or persistent 
antegrade flow, during arterial balloon occlusion; 
the reversed flow pattern depended on the source 
of collaterals. Figure 4 illustrates the coronary 
collateral flow observed after crossing a 95% steno- 
sis of the right coronary artery; the Doppler angio- 
plasty guide wire is positioned beyond the lesion in 
a posterolateral branch (Figure 4A, open arrow). 
Coronary flow velocity proximal to the lesion was 


SOF THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 70 NOVEMBER 16, 1992 





APV = 27.2 


impaired (Figure 4A, bottom); peak diastolic and 
systolic flow velocities were approximately 30-35 
cm/sec. During balloon inflation (Figure 4B, bot- 
tom), coronary flow—velocity reversal occurred, 
with a peak negative flow velocity of approximately 
—25 cm/sec. This flow pattern recurred during 
multiple balloon occlusions. At the conclusion of 
the angioplasty procedure (Figure 4C), the coro- 
nary stenosis was reduced to <10% and a large, 
patent distal posterolateral branch was revealed. 
Restoration of the normal coronary flow—velocity 
pattern was evident. 

Further studies on the use of pharmacotherapy 
to assess coronary collateral flow during periods of 
myocardial ischemia are under way. Donohue et 
al’? examined the effects of adenosine (and nitro- 
glycerin) administration during balloon occlusion 
in patients with collateral flow reversal (Table II). 


FIGURE 4. A: Angiogram (top) demonstrating 95% stenosis 
of the mid-right coronary artery (solid arrow) and corre- 


sponding flow velocity pattern (bottom). Velocity scale is 
0—160 cm/sec. Note the diminished diastolic/systolic flow 


velocity ratio. Open arrow shows distal position of Doppler 
guide wire. B: During balloon inflation, Doppler flow veloc- 
ity is reversed with a maximum velocity of —25 cm/sec; 
this pattern was reproducible. C: Flow velocity is normal- 
ized after completion of successful angioplasty. Note 
large posterolateral branch (solid arrow) that was input 
source of collateral flow. APV = average peak velocity. 
(Reprinted with permission from Am Heart J.??) 


These researchers observed a novel sequence of 
coronary collateral flow responses. Angiograms 
(Figure 5) show the left-to-right coronary collateral 
flow supply feeding the posterior descending ar- 
tery. The Doppler guide wire, inserted beyond the 
obstructed branch in the right coronary artery, 
measured flow during balloon occlusion. The con- 
tralateral left coronary artery was cannulated to 
allow administration of vasodilative drugs. Pres- 
sure measurements were also obtained during 
balloon occlusion and repeat drug administration. 

At baseline, the coronary collateral pressure 
was approximately 45 mm Hg (Figure 6, top left). 
Baseline coronary flow velocity during balloon 
occlusion was partly bidirectional, indicating both 
antegrade (40 cm/sec) and retrograde (—20 cm/ 
sec) coronary flow (Figure 6, bottom left). During 
injection of 12 wg of adenosine into the contralat- 
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FIGURE 5. Angiograms of right coronary artery with posterior descending coronary artery occlusion at baseline (arrow, 
left). Contrast injection of the left coronary artery shows collateral filling of distal right coronary artery (arrow, right) 
where collateral velocity is measured. 
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FIGURE 6. At the time of angiography in Figure 5, aortic (Ao) and distal coronary (Cor) pressures were measured at base- 
line and during left intracoronary adenosine and nitroglycerin administration (scale 0-200 mm Hg). Bidirectional flow 
velocity patterns occurred during balloon occlusions (bottom). The negative flow (reversal) represents coronary collat- 
eral flow. See text for details. 
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TABLE I Determination of Hemodynamic Significance of Intermediate Stenosis by Intracoronary Doppler Flow Velocity 


Stenosis 
(%) Gradient 
Intermediate lesions (40—60) 12+9 
(n = 17) 
Severe lesions 
(n = 16) 


p Value 


(> 70) 46 + 20 


0.001 


*Distal velocity reductions and ratios > 2.3 predicted significant hemodynamic gradients. 


Proximal 


AV = average velocity; DV = diastolic velocity (centimeters per second); AVp/AVp = proximal to distal ratio; NS = not significant. 


Reprinted with permission from J Am Coll Cardiol.2° 


TABLE Il Perturbations of Coronary Collateral Flow Velocity 
During Angioplasty* 


Balloon 
Occlusion 


WA A 32 + 26t 
—-9+14 86+ 34t 


*Six patients with angiographic collaterals with proximal and distal velocities of 
25 + 14 and 4 + 1 cm/sec (p <0.05) had flow velocity determined during intrave- 
nous administration of adenosine and again on serial balloon occlusion. Adenosine had 
little effect on flow; however, serial balloon occlusions increased collateral flow, 
demonstrating that hemodynamic effects contributed more than pharmacologic 
perturbations on collateral flow velocity. 

tp <0.05 vs baseline; p <0.05 vs adenosine. 

Reprinted with permission from J Am Coll Cardiol.23 


Adenosine 


Baseline (2.5 mg) 


Peak velocity (cm/sec) 19+ 17 


Change from baseline (%) — 


eral left artery, the distal coronary pressure de- 
creased (Figure 6, center), which caused an in- 
crease in coronary gradient and augmented 
coronary collateral flow velocity to —45 cm/sec 
(Figure 6, bottom center). Nitroglycerin, 200 ug, 
introduced into the contralateral artery reduced 
both systemic perfusion (aortic) pressure and distal 
coronary occlusion pressure (Figure 6, top right) 
but did not augment collateral flow velocity as 
much as did adenosine (—30 vs —45 cm/sec, 
respectively). Serial balloon occlusions increased 
collateral flow more than vasodilators. Although 
these studies are preliminary, the potential for 
assessing collateral responses to pharmacotherapy 
with Doppler coronary flow velocity is substantial. 

Other unique applications of intracoronary Dop- 
pler studies will include assessment of coronary 
flow velocity in saphenous vein grafts, internal 
mammary arteries, and during intraaortic balloon 
pumping.” Qualitative results of pharmacotherapy 
administered during any of these conditions will 
also be available to assess concomitant antiisch- 
emic influences of treatment. 
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Significance of Silent Myocardial Ischemia After 
Coronary Artery Bypass Surgery 


Donald A. Weiner, MD 


The prevalence and prognostic significance of 
transient myocardial ischemia after coronary ar- 
tery bypass grafting (CABG) were evaluated. In 3 
studies, ischemia was found in an average of 24% 
of patients by ambulatory electrocardiographic 
monitoring at 3—12 months after CABG. An aver- 
age of 36% of patients in 3 other studies experi- 
enced ischemic ST-segment depression during 
exercise testing at 4—50 months after CABG. Of 
the ischemic episodes, 77% were silent during 
exercise testing. In the Coronary Artery Surgery 
Study (CASS) randomized patient subsets, sur- 
vival at 12 years was significantly lower for pa- 
tients who had either silent or symptomatic isch- 
emia during exercise testing at 6 months after 
CABG compared with those who had no ischemia. 
(Am J Cardiol 1992;70:35F—38F) 
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yocardial revascularization using coro- 
Me» artery bypass grafting (CABG) usu- 
ally provides excellent symptomatic re- 
lief for patients with angina pectoris.! Amelioration 
of myocardial ischemia and improvement in exer- 
cise capacity after CABG have been well docu- 
mented by exercise testing.? Recent studies, how- 
ever, have determined that transient myocardial 
ischemia may occur spontaneously or be precipi- 
tated by exercise testing in up to 33% of patients 
postoperatively.” The probable mechanisms in- 
volved include graft occlusion, progression of coro- 
nary artery disease (CAD) in the native coronary 
blood vessels, and incomplete revascularization, 
but unknown factors may also be involved.° 
Because postoperative ischemia can be amelio- 
rated or completely abolished by medication, per- 
cutaneous coronary angioplasty, or a second CABG, 
it is important to establish whether postoperative 
ischemia has an adverse effect on the survival of 
patients who have undergone CABG. This article 
will review the prevalence and prognostic signifi- 
cance of postoperative ischemia that has been 
documented by either exercise testing or ambula- 
tory electrocardiographic (ECG) monitoring. 


PREVALENCE 

Earlier studies that used ambulatory ECG mon- 
itoring after CABG demonstrated that transient 
myocardial ischemia frequently occurs (Table I). 
Crea et al, using 48-hour ambulatory ECG moni- 
toring in 45 patients an average of 4 months after 
CABG, found that 68 ischemic episodes occurred 
in 7 patients (16%). Before CABG, 249 episodes of 
transient ST-segment depression were observed in 
35 patients. Egstrup* applied 36-hour ambulatory 
ECG monitoring 3 months after CABG in 36 
patients who either were asymptomatic or had 
minimal symptoms and found 39 episodes of silent 
ischemia among 12 patients (33%). Finally, 
Kennedy et alf employed ambulatory 24-hour ECG 
monitoring in 94 patients 3 months (early) after 
CABG and in 184 patients 12 months (late) after 
CABG. Silent ischemia was detected in 19 (20%) 
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TABLE I Prevalence of Myocardial Ischemia During Ambulatory 
Electrocardiographic Monitoring After CABG 


Months After 


| Study Patients (n) CABG Prevalence 


Crea et al? 
Egstrup* 
Kennedy et al® 


TABLE II Prevalence of Myocardial Ischemia During Exercise 
Testing After CABG 


Months After 


Study Patients (n) CABG Prevalence 


Crea et al? 
Dubach et al® 
Weiner et al’ 


CABG = coronary artery bypass grafting. 


TABLE Ili Prognosis for Myocardial Ischemia During 
Ambulatory Electrocardiographic Monitoring After CABG 


Study Follow-Up Rate of Cardiac Events 


50% in patients with SMI vs 8% 
in patients without SMI 
(p = 0.005) 

Early after CABG: 11% in pa- 
tients with SMI vs 24% in 
patients without SMI 
(p = NS) 

Late after CABG: 14% in pa- 
tients with SMI vs 15% in 
patients without SMI 
(p = NS) 


CABG = coronary artery bypass grafting; NS = difference not significant; SMI = 
silent myocardial ischemia. 


Egstrup* 9 months 


Kennedy et al® 4 years 





TABLE IV Prognosis for Myocardial Ischemia During Exercise 
Testing After CABG 


Follow-Up 


Reference (years) Results 


Dubach et al5 Prevalence of ST-segment de- 


pression similar in patients 
with cardiac events (27%) 
and in total population (28%) 


Survival worse in patients with 
symptomatic (45%) or silent 
(68%) ischemia vs those 
without ischemia (80%) 


Weiner et al’ 





of 94 patients early and in 50 (27%) of 184 patients 
late after CABG. The mean frequency of episodes 
was in the range of 6-10 per 24-hour period, with a 
mean duration from 15-23 minutes. 

Myocardial ischemia can also be precipitated 
during exercise testing after CABG (Table II). 


Crea et al, in accordance with a modified Bruce 
protocol, had 45 patients perform a treadmill test 
an average of 4 months after CABG; these research- 
ers found ischemic ST-segment depression in 16 
(36%) patients. All patients with an ischemic 
response were incompletely revascularized. Dubach 
et al? found that 84 (28%) of 296 patients displayed 
ischemic ST-segment depression when tested ac- 
cording to a standard treadmill protocol an average 
of 4.2 years after CABG. Fifty (60%) of the 84 
patients with ischemia did not have accompanying 
angina. In a subset of patients in the Coronary 
Artery Surgery Study (CASS) who were random- 
ized to surgery, treadmill testing according to the 
Bruce protocol detected ischemic ST-segment de- 
pression in 62 (36%) of 174 patients at 6 months 
(early) after CABG and in 61 (45%) of 137 patients 
at 18 months (late) after CABG.’ Silent ischemia 
during exercise testing occurred in 82% of the 
ischemic patients studied early and in 90% of the 
ischemic patients evaluated late after CABG. 


PROGNOSIS 

Egstrup* found that although 6 (50%) of the 12 
patients who showed evidence of silent myocardial 
ischemia during ambulatory ECG monitoring after 
CABG experienced cardiac events during the fol- 
lowing 9 months, only 2 (8%) of 24 patients without 
silent myocardial ischemia had such events (Table 
III). Silent ischemia was the most powerful predic- 
tor of cardiac events. In contrast, Kennedy et al® 
did not find that silent myocardial ischemia pre- 
dicted adverse clinical events during the first 4-5 
years after CABG. The only variable that carried a 
slightly increased relative risk was younger age in 
the group tested 1-3 months after CABG. 

Two recent studies evaluated the prognostic 
significance of exercise testing after CABG (Table 
IV). Dubach et al? found that the prevalence of 
ST-segment depression was similar among patients 
who either died or had a nonfatal myocardial 
infarction (7 [27%] of 26 patients) compared with 
the total population (84 [28%] of 296). That study, 
however, was limited by both the long time (mean 
4.2 years) that elapsed between CABG and perfor- 
mance of the exercise test and the short follow-up 
period (mean 2 years). Data from the CASS 
randomized population (n = 174) demonstrated 
that the 12-year survival rate after CABG was 
significantly different among patients grouped on 
the basis of the 6-month postoperative exercise test 
results.’ The survival rate was significantly higher 
for patients without ischemia (80%) than for pa- 
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tients with symptomatic ischemia (45%) or silent 
myocardial ischemia (68%) (Figure 1). 


DISCUSSION 

Results from earlier studies show that exercise 
testing often produced inaccurate indications of 
the effectiveness of CABG revascularization. Mc- 
Conahay et al found that only 32% of patients 
with incomplete revascularization and 30% of pa- 
tients with no revascularization had positive exer- 
cise test results. Dodek et al? found that 33% of 
patients with complete revascularization had posi- 
tive exercise tests, and 59% of patients with incom- 
plete revascularization had negative tests. Block et 
al!0 found that 13 (68%) of 19 patients with 
unsuccessful revascularization had negative ST- 
segment responses postoperatively. 

More recent studies evaluating the prevalence 
and prognostic significance of ischemia after CABG 
demonstrate that ischemia occurs frequently after 
CABG and is usually silent. Although the mecha- 
nisms underlying the occurrence of silent myocar- 
dial ischemia after CABG are unknown, they may 
have a neurogenic basis or result from a reduction 
in the amount of jeopardized myocardium after 
successful revascularization. In the CASS study, 24 
(27%) of the 90 patients who demonstrated symp- 
tomatic ischemia preoperatively had silent myocar- 
dial ischemia during exercise testing 6 months after 
CABG.’ Therefore, patients who reveal only silent 
myocardial ischemia postoperatively may be incom- 
pletely revascularized, despite the overall lessening 
of their ischemic burden. 

Studies analyzing the prognostic significance of 
postoperative ischemia have produced conflicting 
results. In the CASS subset followed up for as 
many as 12 years after CABG, the occurrence of 
ischemia during exercise testing predicted an ad- 
verse effect on survival.’ These results are of 
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particular clinical importance because many treat- 
ment approaches, including use of antianginal 
medications, coronary artery angioplasty, and a 
second CABG, can successfully lessen or eliminate 
ischemia. The best strategy for lowering the risk of 
adverse cardiac events among patients with postop- 
erative ischemia is uncertain at present. 

In conclusion, silent ischemia can often be seen 
during ambulatory ECG monitoring or exercise 
testing after CABG. Certain investigations have 
demonstrated that ischemia has an adverse effect 
on survival, which confirms similar results in stud- 
ies of patients with stable!!!? or unstable!*'* an- 
gina and of postinfarction patients.!>'© 
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The Council for Myocardial Ischemia and 
Infarction: Advisory Group Reports on Silent 
Myocardial Ischemia, Heart Rate Control, and 
Post—Myocardial Infarction Management 


Prakash C. Deedwania, mp, John S. Schroeder, mp, William E. Boden, MD 





his yearly report from the advisory groups of 

the Council for Myocardial Ischemia and 

Infarction reflects the Council’s continued 
interest in silent ischemia, acute intervention, and 
postmyocardial infarction management. The Coun- 
cil reviews ongoing research in an effort to trans- 
late recent results into current, practical ap- 
proaches to treatment. Some of its current 
consensual statements resemble those of the 1991 
report. Research on silent myocardial ischemia, for 
example, continues to question whether treatment 
can modify its negative prognosis. Stratification of 
the postmyocardial infarction patient according to 
the use of thrombolytic therapy and then by type of 
infarction is still considered a reasonable ap- 
proach. Certain guidelines, however, have been 
reinforced by new data and experience. For exam- 
ple, the pharmacologic options available for heart 
rate control have recently increased, engendering a 
reexamination of therapy with digoxin, tradition- 
ally the optimum treatment for atrial fibrillation. 


SILENT ISCHEMIA 

Silent myocardial ischemia (SMI) has been 
recognized as the most common manifestation of 
coronary artery disease (CAD), having an esti- 
mated prevalence of 40-50% among patients with 
chronic CAD.' However, the optimum approach to 
this type of myocardial ischemia has not been 
established definitively. Because data are still be- 
ing gathered in this field, the algorithm endorsed 
by Advisory Group consensus in 1991 is still cur- 
rent (Figure 1). This algorithm outlines a general 
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approach that begins by screening for the presence 
of ischemia and continues, if ischemia is present, 
by determining whether it carries a high or low risk. 
Medical therapy and yearly monitoring can be used 
to manage low-risk ischemia. High-risk ischemia, 
however, requires measurement of the extent of 
CAD, which may necessitate revascularization in 
addition to medical therapy. Research into refining 
the management of SMI is ongoing. The Advisory 
Group reviewed the extant knowledge of SMI and 
emphasized some of the most promising new ave- 
nues of investigation. 

The significance of SMI lies in its association 
with a higher risk of coronary events. Several 
studies have shown that transient episodes of 
ischemia, whether silent or not, adversely affect 
clinical outcome in a variety of populations, includ- 
ing patients with stable and unstable angina as well 
as survivors of myocardial infarction.2~’ Although 
the prognostic significance of SMI that occurs 
following coronary artery bypass grafting has been 
debated, a new study has shed some light on this 
controversy. An analysis of a subset of 174 patients 
from the Coronary Artery Surgery Study (CASS) 
found that coronary artery bypass grafting dimin- 
ished the frequency of symptomatic ischemia but 
not of silent ischemia.* The overall prevalence of 
symptomatic ischemia dropped from 52% before 
surgery to 6% after the procedure, but the preva- 
lence of SMI changed only from 30% to 29%. 
Moreover, the presence of SMI had a significant 
adverse impact on subsequent prognosis. At 12 
years after surgery, patients without ischemia had a 
survival rate of 80%, compared with 68% for 
patients with SMI and 45% for patients with 
symptomatic ischemia. Whether intervention with 
drug therapy will ameliorate the adverse prognosis 
of SMI is not known and thus deserves further 
investigation. 

To target therapy more precisely, other ongoing 
research is attempting to define the pathophysiol- 
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ogy that engenders SMI. In general, ischemia 
develops as a result of an imbalance between 
coronary blood flow and myocardial oxygen de- 
mand. In direct contrast to the original concept of 
SMI genesis, an increase in myocardial oxygen 
demand rather than a decrease in oxygen supply 
(e.g., from coronary obstructions) is the significant 
factor in SMI pathophysiology.?!° The role of 
increased myocardial oxygen demand is evident 
from the increases in heart rate and systolic blood 
pressure that often precede the majority of isch- 
emic events during daily life. However, roughly 
33% of such ischemic events may not be associated 
with these hemodynamic increases, suggesting that 
a decrease in coronary blood supply may yet play 
an engendering role in ischemia.!! This dual mech- 
anism may have implications for therapy. 

A number of antianginal drugs, particularly B 
blockers, can reduce or eliminate the frequency 
and duration of SMI.!2 Of late, attention has 
focused on calcium antagonists because of their 
ability to control heart rate and modify coronary 
vasomotor tone. A recent study involving 60 pa- 
tients with stable CAD measured the effect of 2 
weeks of diltiazem therapy on SMI." The results 
showed that diltiazem decreased the total number 
of silent ischemic episodes by 50% in 70% of 
patients and reduced the cumulative duration of 
asymptomatic episodes significantly, from a mean 
of 78.5 to 24.5 minutes (p = 0.001). 

A preliminary analysis of data from an ongoing 
study being conducted at 30 centers in the United 
States focused on the prevalence of ischemia (Pep- 
ine CJ. Personal communication). In roughly 1,000 
patients who had CAD and exercise-induced isch- 
emia, asymptomatic ischemia (defined as 2 epi- 
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sodes of >5 minutes) occurred during the daily 
lives of approximately 1 in 4 of the patients whose 
condition was clinically stable. 

The greatest gap in the current understanding 
of SMI is whether treatment of ischemia is associ- 
ated with an improvement in outcome. To address 
this issue the National Heart, Lung, and Blood 
Institute has initiated the Asymptomatic Cardiac 
Ischemia Pilot trial. The primary objective of this 
multicenter trial is to establish the feasibility of a 
randomized clinical trial of therapies for asymptom- 
atic myocardial ischemia to reduce mortality and 
the rate of nonfatal myocardial infarction occur- 
rence. The therapies being studied include angina- 
guided therapy (current conventional therapy), 
treatment guided by angina plus evidence of isch- 
emia on ambulatory electrocardiography, and revas- 
cularization. The primary endpoint in the pilot 
study is evaluation of ischemic episodes during 
48-hour ambulatory electrocardiographic monitor- 
ing at 12-week follow-up. The patient population 
will consist of men and women <81 years old who 
have angiographic evidence of CAD and exercise- 
induced ischemia as well as ischemia present on 
ambulatory electrocardiographic monitoring. The 
study design (Figure 2) involves treatment with 
diltiazem and isosorbide dinitrate or atenolol and 
nifedipine. The Advisory Group has concluded 
that until results are available, it is reasonable to 
assume that ischemia is never beneficial and reduc- 
ing its occurrence may improve patient outcome. 


HEART RATE CONTROL 
The pharmacologic options for managing atrial 
fibrillation have been expanded by the intro- 
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duction of intravenous diltiazem to the currently 
available options of intravenous forms of digoxin, 
esmolol, and verapamil. Since rapid control of 
ventricular rate is important, not only to control 
symptoms but to reduce ischemia, the Advisory 
Group on Acute Coronary Syndromes has devel- 
oped an algorithm for management of acute atrial 
fibrillation (Figure 3). 

The initial treatment goal is a decrease in heart 
rate to 80-100 beats/min as quickly as possible. 
When adequate control is established with acute 
and, later, long-term use of a drug, pharmacologic 
or direct current cardioversion may be attempted, 
if indicated. Therefore, the sooner heart rate 
control is achieved, the sooner attention can be 
focused on anticoagulation and long-term treat- 
ment. The ideal agent for this purpose should have 
a rapid onset, be effective in both the emergency 
department and intensive care unit, result in a 
sustained reduction in heart rate, and be easy to 
administer without adverse effects on hemodynam- 
ics, cardiac function, or blood pressure. 

The therapeutic role for digoxin, the original 
“gold standard” for treatment of atrial fibrillation, 








FIGURE 2. Study design of the 
Asymptomatic Cardiac Ischemia 
Pilot (ACIP) trial, conceived to 
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reduce mortality and the rate of 
occurrence of myocardial infarc- 
tion. Some 200 patients will be 
randomized to each of the 3 
treatment regimens (placebo, 
dittiazem and isosorbide dinitrate 
or atenolol and nifedipine) with 
an initial endpoint at 12 weeks. 
AECG = ambulatory electrocar- 
diography; CABG = coronary ar- 
tery bypass grafting; PTCA = per- 
cutaneous transluminal coronary 
angioplasty. 
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is somewhat diminished today. Although digoxin is 
inexpensive and its action is predictable, exerting 
its acute effect by increasing vagal tone,'* its 
delayed onset of action (3—4 hours) is particularly 
noticeable in settings in which patients have in- 
creased sympathetic tone, such as are seen in the 
emergency department and intensive care unit. 
Additional drawbacks to digoxin use are a narrow 
therapeutic window and the possibility of inter- 
action with other agents, such as antiarrhythmic 
and antihypertensive drugs (e.g., quinidine and 
verapamil). 

Intravenous B blockers, particularly esmolol, 
offer alternatives to digoxin use. Esmolol has a 
rapid onset of action and can be administered in a 
series of increments because of its short half-life.!° 
Beta blockers are indicated for atrial flutter or 
fibrillation and should have a beneficial effect on 
myocardial ischemia, but side effects (e.g., nausea 
and hypotension) frequently prevent adequate dos- 
ing. 

The calcium antagonists that slow atrioventricu- 
lar conduction significantly increase the options for 
controlling heart rate. Intravenous verapamil rap- 
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FIGURE 3. Algorithm for the control of heart rate in acute atrial fibrillation. With severe s 


idly slows heart rate, is safe in patients with chronic 
obstructive pulmonary disease and diabetes, and 
has antiischemic and antihypertensive effects. Be- 
cause of its negative inotropic effects, verapamil 
must be administered with caution in patients who 
have abnormal left ventricular function, congestive 
heart failure, or recent myocardial infarction. Con- 
tinuous verapamil use concomitantly with digoxin 
can also lead to digitalis toxicity. Intravenous 
diltiazem, however, has only a moderate inotropic 
effect and little effect on serum digoxin levels and 
thus can be used safely with digoxin.!®!7 Unlike the 
repeat bolus administration schedule of verapamil, 
a diltiazem regimen offers the advantage of dosing 
with an initial bolus that can be followed by 
continuous infusion of the drug. 

The overall approach to the acute management 
of patients with atrial fibrillation is influenced by 
the results of the clinical evaluation, the urgency of 
the situation, and the pharmacology of available 
agents. Treatment begins with cardioversion of 
hemodynamically unstable patients, such as those 
presenting with pulmonary edema or hypotension 
(Figure 3). In patients with moderate to severe 
symptoms who do not require cardioversion, use of 
an intravenous calcium antagonist (diltiazem or 
verapamil) or an intravenous ß blocker is beneficial; 
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ymptoms, cardioversion is nec- 
essary. In patients with moderate-to-severe symptoms who do not require cardioversion, choices include intravenous 
administration of calcium antagonists, 8 antagonists, or digoxin. Oral calcium antagonists and intravenous or oral 
digoxin are options for mild symptoms. Calcium antagonists are contraindicated in patients with preexcitation (wide 
QRS segment) or congestive heart failure. 


intravenous digoxin is a secondary choice because 
of its late onset of action. Use of oral calcium 
antagonists and intravenous or oral digoxin are 
options for control of mild symptoms. Once atrial 
fibrillation is controlled, elective cardioversion can 
be considered. 

The options for controlling heart rate today are 
more flexible and wider in range than ever before. 
However, the benefits of maintaining sinus rhythm 
in any patient should always be balanced against 
the risks of proarrhythmic and other adverse drug 
effects, and patient tolerance must be considered. 


POST—MYOCARDIAL INFARCTION 

Secondary prevention remains a major issue in 
management of the post—myocardial infarction 
patient. Ongoing research supports the treatment 
approach this Advisory Group endorsed in 1991 
(Figure 4). This approach is in agreement with 
joint guidelines published by the American College 
of Cardiology (ACC) and the American Heart 
Association (AHA).!* Several key strategies have 
emerged for the management of postinfarction 
patients. 

The decision for or against thrombolytic therapy 
occasions the first subset division of postinfarction 
patients. The optimum treatment for postthrombo- 
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lytic patients is still a matter of controversy. Al- 
though aspirin use is recommended following strep- 
tokinase administration, there are supporters of 
the use of intravenous metoprolol, followed by oral 
metoprolol, immediately after the administration 
of tissue plasminogen activator. It is possible that 
the heart rate—-lowering calcium antagonists may 
emerge as useful adjuncts or alternatives to intrave- 
nous B blockers. 

In the absence of thrombolysis, it is helpful to 
dichotomize patients into Q-wave and non-Q-wave 
subsets on the basis of serial electrocardiograms in 
the cardiac care unit. Further, determining the 
high-risk versus low-risk status of patients is critical 
to defining their need for additional invasive or 
noninvasive testing. Regarding pharmacologic man- 
agement, the Advisory Group consensus is that the 
use of B blockers without intrinsic sympathomi- 
metic activity in combination with aspirin is appro- 
priate for secondary prevention following Q-wave 
infarction.!® This type of therapy, however, does 
not reduce mortality or the incidence of nonfatal 
infarction in patients who have non-Q-wave infarc- 
tion; the only proven therapy for this group of 
patients consists of management with diltiazem." 
Recent subset analysis of the Multicenter Dilti- 
azem Postinfarction Trial (MDPIT) showed that 
diltiazem lowered cardiac mortality and the inci- 
dence of nonfatal infarction in patients who had 
undergone a first non-Q-wave infarction.”” 

The ACC/AHA recommendations for long- 
term B blockade are categorized into 3 classes: 1, 
definite indications; 2, possibly effective indications; 
and 3, contraindications. Beta blockers are defi- 
nitely indicated for all patients except those at low 
risk, for whom the benefit of B blockade is less 
definite, and those with clear contraindications. 
Therapy should be initiated within the first few 
days following infarction and maintained for 2 
years. The contraindications for use of B blockers 


FIGURE 4. Algorithm for manage- 
ment of the post—myocardial in- 
farction patient. Patients not re- 
ceiving thrombolytic therapy are 
divided into 2 subgroups based 






should receive B blockers without 
intrinsic sympathomimetic activ- 
ity (ISA). Those with non-Q-wave 
infarction should be given diltia- 
zem and aspirin. t-PA = tissue 
plasminogen activator. 
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in the postinfarction setting include: heart rate 
<60 beats per minute, systolic blood pressure 
<100 mm Hg, moderate-to-severe left ventricular 
heart failure, signs of peripheral hypoperfusion, 
atrioventricular conduction abnormalities (PR in- 
terval >0.22 msec, types I and II atrioventricular 
block or complete heart block), and severe chronic 
obstructive pulmonary disease. Other relative con- 
traindications include asthma, difficult to control 
insulin-dependent diabetes, severe peripheral vas- 
cular disease, and current use of B blockers or 
calcium antagonists. 

The role of calcium antagonists in treating 
postinfarction patients is less well defined. The 
ACC/AHA recommendations list definite indica- 
tions for symptomatic treatment of postinfarction 
angina while awaiting cardiac catheterization and 
therapy based on angiographic findings.'* Dilti- 
azem, specifically, is recommended as possibly 
effective in patients with non-Q-wave infarction 
and no contraindications. Administration should 
be started within 48 hours of infarction and contin- 
ued through the first postinfarction year. Calcium 
antagonist use is also recommended following 
angioplasty to prevent coronary vasospasm. Use of 
calcium antagonists may also benefit patients with 
Q-wave infarction complicated by postinfarction 
angina who may not be candidates for B-blocker 
therapy. Infarction complicated by left ventricular 
dysfunction or pulmonary congestion is a contrain- 
dication for therapy with calcium antagonists. 

Finally, ongoing studies continue in an attempt 
to determine the best postthrombolytic therapy. 
Non-Q-wave myocardial infarction and reperfused 
myocardium postthrombosis share a number of 
similarities.*! Both conditions are characterized by 
a high incidence of subtotal coronary occlusion, 
early creatine kinase washout, preservation of 
global and regional left ventricular function, histo- 
logic evidence of contraction band necrosis, evi- 
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dence of residual ischemia, and inducible ischemia. 
Future studies may determine that therapy for 
patients with these conditions is similar. 

Despite the need for further clinical trials to 
define the best postinfarction treatment, the Advi- 
sory Group’s algorithm (Figure 4) can guide ther- 
apy in a reasonable fashion that is in agreement 
with ACC/AHA recommendations. 
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Diagnostic and Therapeutic Implications: 





Exploration Through Case Discussions 


Allan S. Jaffe, mD, Prakash C. Deedwania, mp, Lyall A. J. Higginson, MD, 
William E. Boden, mp, Jawahar L. Mehta, mp, Jack Ferlinz, mD, Richard A. Walsh, MD, 
Jay M. Sullivan, mp, Pantel S. Vokonas, mD, Henry Cabin, mp, William Shapiro, MD, 
William W. Parmley, MD 


he following 2 cases of myocardial ischemia 

were the subject of a discussion under the 

leadership of William W. Parmley, MD, and 
Jay M. Sullivan, MD. The following provides the 
diagnostic and therapeutic highlights of those peer 
group discussions. 


CASE 1 
Newly diagnosed cardiac ischemia 

HISTORY: G.H. is a 49-year-old white male 
executive who works for a publisher of medical 
texts. His cardiac risk-factor profile includes ciga- 
rette smoking and a positive family history of 
cardiovascular disease. He is normotensive, his 
lipid profile is not known, and he is asymptomatic. 
His life-style has been sedentary, but during a 
routine checkup with his family physician, he 
expressed a desire to start a program of regular 
aerobic exercise. 

PHYSICAL EXAMINATION: Height, 5 feet 10 inches; 
weight, 195 Ib. Pulse regular at 82 beats/min; 
respirations 14/min; seated blood pressure 132/84 
mm Hg. Results of the remainder of the examina- 
tion were unremarkable. 
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LABORATORY ANALYSES: Results of electrocar- 
diography (ECG) were negative. The complete 
blood cell count and serum electrolyte levels were 
within normal limits, but the fasting blood glucose 
level was 140 mg/dL. Given the known cardiovascu- 
lar risk profile of G.H., his physician recommended 
obtaining a lipid profile. G.H.’s lipid levels were as 
follows: total serum cholesterol, 200 mg/dL, high- 
density lipoprotein cholesterol (HDL-C), 30 mg/ 
dL, low-density lipoprotein cholesterol (LDL-C), 
140 mg/dL, and serum triglycerides, 200 mg/dL. 

G.H. was referred to a cardiologist who elected 
to conduct an exercise stress test. The patient was 
able to complete only about 7 minutes of exercise 
and stopped because of fatigue when his heart rate 
reached 130 beats/min. At the beginning of stage 3 
of the Bruce protocol, approximately 2.0 mm of 
painless ST-segment depression developed, and 
G.H.’s blood pressure response was normal. Be- 
cause the patient was asymptomatic, the cardiolo- 
gist decided to perform 24-hour ambulatory ECG 
monitoring. Ambulatory monitoring identified 2 
episodes of asymptomatic ST-segment depression 
(>1.0 mm and >60 sec each) during his usual 
daily activity. 


Discussion of case 1 

Dr. Jaffe: The patient has shown evidence of 
fairly severe ischemia: 2 mm ST-segment depres- 
sion at a relatively low work load. Cardiac catheter- 
ization would provide valuable information regard- 
ing the extent of disease. 

Risk-factor intervention is probably warranted, 
and the patient needs to be advised of any changes 
in his life-style that are required. If lipid-lowering 
therapy is indicated, consideration should be given 
to the results of the Helsinki Heart Study, which 
demonstrated that use of gemfibrozil had a protec- 
tive lipid-lowering effect in middle-aged men with 
this type of dyslipidemia.! 

This patient also appears to have borderline 
diabetes. Patients with insulin-dependent diabetes 
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TABLE I Case 1. Potential Management Strategies 


Strategy A: 
Least aggressive 


Counsel the patient on the use of nico- 
tine patch (eg, Nicorette) to stop 
smoking, on weight reduction, and on 
appropriate diet and other measures 
to raise his serum levels of high den- 
sity lipoprotein cholesterol, possibly 
including use of niacin or gemfibrozil. 
Since this patient is asymptomatic, 
however, no intervention other than 
risk-factor and life-style modification 
is necessary. 


In addition to risk-factor and life-style 
modification, consider prophylactic 
use of antiischemic medication, such 
as a B blocker or calcium antagonist. 
The potential long-term impact of an 
antiischemic agent on the patient’s 
lipid profile and probable atherosclero- 
sis may guide selection of an appropri- 
ate agent. 


Strategy B: 
Moderately aggressive 


Proceed as in strategy B, but include 
additional testing, such as radionu- 
clide stress testing and/or coronary 
angiography, to confirm the presence 
and extent of coronary artery disease. 
Results of these tests may also indi- 
cate whether revascularization should 
be recommended. 


Strategy C: 
Most aggressive 





may have hypertriglyceridemia with chylomicrone- 
mia and elevated serum levels of very low density 
lipoprotein cholesterol. The data suggest that if 
control of blood sugar levels can be normalized 
with insulin use, these abnormalities will be at least 
partly reversed.* Weight reduction may also help 
(if he is overweight). 

Dr. Deedwania: As noted in a recent editorial by 
William B. Kannel, smoking is the most readily 
modifiable risk factor. Because smoking is a strong 
predictor of mortality in patients who are at risk for 
coronary heart disease, it is important to keep that 
in mind (Table I) for management of this case. 

Dr. Higginson: I would recommend performing 
exercise thallium scintigraphy to determine how 
much myocardium is at risk and using that informa- 
tion to guide further treatment. 

Dr. Boden: I agree with Dr. Higginson’s recom- 
mendation: one can certainly interpret that this 
man is in a high-risk group and the results of 
thallium stress testing would be very helpful. Al- 
though his HDL-C level is low, this patient does 
not meet the National Cholesterol Education Pro- 
gram guidelines for targeted therapy because his 
total serum cholesterol level falls below the pub- 
lished goal of targeted therapy (<200 mg/dL).* 
However, I believe the Helsinki Study strongly 
indicated that the use of gemfibrozil is associated 
with improved outcome. ! 

Dr. Mehta: High serum triglyceride levels have 
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been identified as an important cardiovascular risk 
factor.* Perhaps this patient has the syndrome of 
diabetes, hypertriglyceridemia, obesity, and hyper- 
insulinemia—the so-called syndrome X.° He may 
not have any large vessel coronary artery disease, 
just typical diabetic small vessel disease that may 
not be identified on routine coronary angiography. 

Dr. Ferlinz: A 12-year study conducted in 740 
consecutive patients at Johns Hopkins showed 
convincingly that “desirable” total serum choles- 
terol levels of <200 mg/dL are apparently less 
important than low HDL-C levels.® In our patient, 
the cholesterol level is indeed essentially normal at 
200 mg/dL, but his HDL-C is quite low at 30 
mg/dL, giving us an HDL-C to total cholesterol 
ratio of almost 1:7 rather than the “ideal” goal of 
1:3 suggested by the Framingham Study. About 
75% of the patients at Johns Hopkins who had 
serum HDL-C levels <35 mg/dL had a new 
adverse cardiac event (either a new myocardial 
infarction or coronary death), whereas such ad- 
verse cardiac events occurred in only 33% of the 
subjects whose HDL-C levels were higher than 
normal ( >35 mg/dL). Thus, these results strongly 
suggest that low serum levels of HDL-C are omi- 
nous even when the total serum cholesterol level is 
within a desirable range; correspondingly, I believe 
that the inadequate level of HDL-C is the greatest 
problem in this patient. 


CASE 2 
‘Breakthrough’ ischemia 

HISTORY: A.G. is a 60-year-old white man em- 
ployed as a truck driver. He has a 10-year history of 
hypertension and chronic stable exertional angina; 
his current treatment consists of metoprolol (50 mg 
twice daily) and nitrates (isosorbide dinitrate, 20 
mg 3 times daily, with sublingual nitroglycerin as 
needed). A.G.’s hypertension has been well con- 
trolled for several years. He experiences an aver- 
age of 2-3 brief episodes of angina weekly; these 
episodes occur during periods of strenuous physi- 
cal exertion or emotional stress and promptly abate 
with rest or use of sublingual nitroglycerin. This 
patient smokes. 

On treadmill exercise testing 3 years earlier, 
A.G. attained a maximum heart rate of 120 beats/ 
min and a peak exercise blood pressure of 140/90 
mm Hg. He experienced no anginal symptoms and 
showed no ECG signs of inducible ischemia after 
10 minutes of exercise using the Bruce protocol. 

Recently, A.G. has noticed an increase in his 
use of sublingual nitroglycerin. He also reported 2 
episodes of angina at rest, each lasting approxi- 
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mately 5 minutes. He denied any nocturnal anginal 
symptoms. 

PHYSICAL EXAMINATION: Height, 6 feet; weight, 
230 lb. Pulse regular at 90 beats/min; respirations, 
16/min and mildly labored; and blood pressure, 
130/90 mm Hg. The remainder of the physical 
findings were negative. 

LABORATORY ANALYSES: The results of serum 
lipid determinations, complete blood cell count, 
and serum electrolyte assays were normal. The 
patient’s resting ECG showed a normal sinus 
rhythm with baseline ST-segment depression of 
0.5-0.7 mm in leads II, III, aVg, Vs, and V¢. This 
was unchanged from prior ECG tracings. 


Discussion of case 2 

Dr. Walsh: Despite his history of a negative 
treadmill test 3 years previously, I would be very 
concerned about this man with a 10-year history of 
angina because of his multiple risk factors. From 
his history alone, his pretest likelihood of having 
atherosclerotic disease of the epicardial coronary 
arteries is > 90%. I would be concerned about such 
a patient, given his history of the quality and 
quantity of pain at rest. 

Dr. Sullivan: There is one confounding issue: 
the man is hypertensive. There is increasing evi- 
dence that hypertensive patients have diminished 
coronary flow reserve, and that they can experience 
chest pain in the absence of epicardial coronary 
disease. Is there anything to suggest that this, and 
not atherosclerotic progression, might be the cause 
of his anginal symptoms? 

Dr. Boden: His blood pressure is under control 
at the present time, and the results of his exercise 
treadmill test 3 years ago show no evidence of a 
hypertensive blood pressure response. 

Dr. Sullivan: Does this presentation warrant the 
patient’s undergoing additional tests as an outpa- 
tient, or should he be hospitalized for further 
evaluation? 

Dr. Vokonas: I would take a conservative ap- 
proach. I would do nothing more than alter his 
drug regimen and consider obtaining another exer- 
cise test (Table II). 

Dr. Sullivan: Do these symptoms warrant hospi- 
talization for intensification of medical therapy 
and/or additional diagnostic testing? Dr Cabin? 

Dr. Cabin: I think it depends on the rest angina. 
If he had 2 episodes of rest angina 2-4 weeks ago 
and is otherwise fine, I would not say that he 
required immediate hospitalization. If he called 
that morning saying that he had experienced his 
first episode of rest angina the previous night and 
had experienced a second episode in the morning— 


TABLE Il Case 2. Potential Management Strategies 


Strategy A: Because the clinical presentation likely 
Less aggressive represents coronary atherosclerotic 
disease progression, consider increas- 

ing the dosages of the patient’s 
present regimen and/or adding a cal- 
cium antagonist. Add aspirin immedi- 
ately and initiate a smoking cessation 
program. Reexamine the patient 
within approximately 2 weeks to de- 
termine whether these measures have 
stabilized his symptoms. After the 
symptoms have been stabilized, con- 
sider repeating an exercise stress test. 
If the stress test results are again neg- 
ative, no further action is warranted 
until a further change in symptoms is 
observed. 

























Hospitalize the patient, either in a coro- 
nary care unit or a telemetry unit. Al- 
ter drug treatment to include triple 
antiischemic therapy, use of intrave- 
nous heparin and aspirin. Perform 
cardiac catheterization in a timely 
fashion. 


Strategy B: 
More aggressive 








that is a different situation. I might consider 
increasing the dosages of his medications and 
performing a cardiac catheterization; before cathe- 
terization, I would first ascertain whether his symp- 
toms were controlled. If he does not have high-risk 
anatomy, I would continue the medical therapy. 

Dr. Sullivan: What would convince you that this 
patient really has rest angina rather than chest pain 
that is not due to coronary atherosclerosis? 

Dr. Cabin: He has had a well-defined pattern of 
angina for some time. In talking with him, it should 
be relatively easy to establish whether a change in 
that pattern had occurred. I think that the acuity of 
the change is also important. 

Dr. Sullivan: When its onset is recent, is exer- 
tional angina unstable by definition? 

Dr. Cabin: By strict definition, yes. In actuality, 
no. I think that patients with a recent onset of 
exertional angina do not require immediate hospi- 
talization. 

Dr. Sullivan: I quite agree. Another difficult 
question involves the necessity for diagnostic stud- 
ies. Should treadmill exercise testing or rest- 
exercise thallium scintigraphy be performed, or 
should the patient have coronary arteriography 
first? 

Dr. Shapiro: If the patient has a recent onset of 
definite anginal pain at rest that is prolonged, and 
necrosis is ruled out, I would not hesitate to carry 
out coronary angiography. If he has unstable an- 
gina and has been pain free for >3 days, then a 
submaximal, symptom-limited stress test may be 
performed for risk stratification. 
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Dr. Walsh: Although patients with unstable 
angina appear to have a significant incidence of left 
main coronary artery disease, an equivalent propor- 
tion of these patients have normal coronary arter- 
ies. Thus, my approach to managing such patients 
would include coronary arteriography. I would 
then use the exercise test results prognostically in 
association with the information revealed by angiog- 
raphy. 

Dr. Vokonas: Regarding treatment, I would 
increase the patiemt’s B-blocker dosage. I often add 
a calcium antagonist concomitantly and then ob- 
serve for changes in the patient’s condition. Within 
1-2 weeks, I would probably consider conducting 
an exercise test. I would opt for increasing B-block- 
er therapy first, because this case involves several 
factors associated with sympathetic nervous system 
stimulation: smoking, obesity, hypertension, and 
rapid heart rate. This patient probably has a very 
stressful job. 

Dr. Deedwania: It may be difficult to determine 
whether this patient previously had episodes of 
silent ischemia during normal daily activity. For 
whatever reason, the increased ischemic burden 
might have made similar episodes more clinically 
manifest. I think we must recognize that smoking 
does increase the risk of silent ischemia.’ 

Dr. Parmley: The most important therapeutic 
measure for this patient has not yet been men- 
tioned. That is, of course, use of aspirin. 


= Ta zr” En F Fs 
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Dr. Cabin: If this patient said that in the past 48 
hours he has experienced 2 episodes of angina at 
rest, I would take an aggressive approach: admit 
him to the emergency room, administer heparin, 
and perform cardiac catheterization. On the other 
hand, if during a routine visit he said that these 
episodes occurred 2 weeks or 1 month ago, I would 
simply increase his antianginal medications and 
initiate concomitant aspirin therapy. 
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introduction 


William H. Frishman, MD 


his supplement to The American Journal of 

Cardiology presents highlights of the confer- 

ence, “Optimizing Antianginal Therapy,” 
held in Boca Raton, Florida, on February 7 and 8, 
1992. Our purpose at this meeting was 2-fold: to 
present current information on angina pectoris and 
to try to come to a consensus about its manage- 
ment. Experts presented recent findings from their 
own research and that of others on a range of 
angina-related topics, including the pathophysiol- 
ogy of atherosclerosis, the diagnosis of myocardial 
ischemia, and treatment of angina with nitrates. 
Workshop groups produced consensus reports on 
the treatment of unstable and chronic stable an- 
gina, the diagnosis of myocardial ischemia, nitrate 
monotherapy and concomitant treatment, and the 
recognition and management of nitrate tolerance. 

Aram Chobanian discusses new research find- 
ings that have shed light on the still-obscure 
pathophysiology of atherosclerosis. This experimen- 
tal evidence suggests the importance of oxidized 
low-density lipoprotein, lipoprotein(a), and several 
growth factors in the process of plaque formation, 
and the protective effects of high-density lipopro- 
tein. He points out that although hypertension 
alone does not appear to promote atherosclerosis, 
it is a potent promoter of atherogenesis in the 
setting of hypercholesterolemia. 

Although transient myocardial ischemia is often 
experienced as angina, the majority of adverse 
coronary events occur without this symptom. As 
Allan Yeung and colleagues explain, these asymp- 
tomatic episodes of ST-segment depression are 
highly associated with the presence of atheroscle- 
rotic stenoses of the proximal epicardial arteries in 
patients with cardiovascular risk factors. They cite 
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the loss of endothelium-dependent vasodilation as 
a potential mechanism for transient ischemia and 
its restoration as an important therapeutic objec- 
tive in the future management of myocardial isch- 
emia and coronary atherosclerosis. 

Traditional wisdom holds that stable angina is 
associated with a fixed lesion, whereas unstable 
angina involves mixed mechanisms, i.e., a fixed 
lesion and vasomotor alterations. Presenting new 
evidence, Peter Cohn suggests that most angina 
results from mixed mechanisms, a concept sup- 
ported by the occurrence of silent ischemia in 
stable, unstable, and variant angina, despite their 
differing pathophysiologies. 

Carl Pepine reviews current approaches to the 
measurement of myocardial ischemia, including 
ambulatory electrocardiographic monitoring, thal- 
lium-201 scintigraphy, radionuclide angiography, 
and echocardiography. Although none of these 
modalities provides a quantitative measurement of 
myocardial ischemia, Pepine notes that they can 
identify functional abnormalities and thus provide 
a basis for risk stratification. 

Appropriate treatment for chronic stable an- 
gina depends on accurate risk stratification, as 
Richard Gorlin notes, explaining that a small 
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| subgroup of high-risk patients are candidates for 


surgery, whereas low-risk patients can be managed 
with medical therapy. The complementary actions 
of nitrates, B blockers, and calcium antagonists can 
be harnessed to relieve pain and ischemia, al- 
though triple therapy often appears to be no more 
effective than double therapy. Since endothelial 
dysfunction probably plays a more important role 
in chronic stable angina than has been appreciated, 
Gorlin suggests that nitrates may thus be utilized as 
adjuvant therapy. 

Gary Gerstenblith focuses on the treatment of 
unstable angina, pointing out that long-acting ni- 
trates, B blockers, calcium antagonists, anticoagu- 
lants, and platelet inhibitor therapy have all been 
shown to be effective. He stresses, however, that 
the efficacy of therapy must be determined by 
subjective and objective evaluation in individual 
patients. Although the advisability of routine revas- 
cularization in unstable angina patients awaits the 
results of the Third Thrombolysis in Myocardial 
Infarction (TIMI-III) trial, Gerstenblith suggests 
that those who do not respond to medical therapy 
or have ongoing disease activity undergo revascular- 
ization, noting that it may prolong survival and 
improve left ventricular function in some patients. 

Nitrates have been shown to be of value in 
patients with ischemic heart disease. Since endothe- 
lial function appears to be abnormal in these 
patients, Jay Cohn proposes that nitrates, which 
replicate many of the effects of endothelium- 
derived relaxing factor, be viewed as a pharmaco- 
logic replacement for deficient endogenous activ- 
ity. Nitrates exert a variety of hemodynamic and 
nonhemodynamie effects that, as Cohn outlines, 
probably depend on the underlying coronary artery 
pathology. 

Many of these favorable effects of nitrates 
diminish with continuous use, despite adequate 








plasma levels, as I point out in my presentation. 
This is true, for example, for the transdermal . 

nitroglycerin patch. A recent Food and Drug Ad- ` 
ministration study provided evidence of tolerance 
within the first 24 hours of continuous nitroglycerin 

patch therapy. Tolerance to nitroglycerin and long- 

acting nitrates is marked by an attenuation of both 

hemodynamic and antianginal effects. 

Many factors contribute to the development of 
tolerance, a phenomenon that appears to be both 
dose- and time-dependent, according to Uri 
Elkayam et al. These factors include depletion of 
sulfhydryl compounds at the vascular cell, nitrate- 
mediated increase in blood volume, and neurohor- 
monal stimulation with activation of vasoconstric- 
tive mechanisms. 

Ezra Amsterdam describes strategies for pre- 
venting nitrate tolerance. The key element, he says, 
is a nitrate-free interval of 8-12 hours. This tech- 
nique of intermittent therapy restores vascular 
responsiveness to nitrates, most likely through 
recovery of the metabolic mechanisms responsible 
for their therapeutic effects. 

According to pharmacokinetic studies described 
by Ulrich Abshagen, isosorbide mononitrate under- 
goes no significant first-pass metabolism and is 
virtually 100% bioavailable. He describes the drug’s 
pharmacokinetic profile as consistent in different 
populations and highly predictable in clinical use. 
The problem of tolerance is circumvented with the 
use of an asymmetrical, or eccentric, dosage regi- 
men, as discussed by Udho Thadani and Philip de 
Vane, who review data from recent clinical trials. 

It is our hope that these articles and the consen- 
sus reports will help clinicians in their efforts to 
develop a rational and effective approach to the 
diagnosis and treatment of myocardial ischemia 
and angina pectoris. 
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Pathophysiology of Atherosclerosis 


Aram V. Chobanian, MD 





New experimental evidence has shed light on a 
number of fundamental processes that contrib- 
ute to atherosclerotic plaque formation. Recent 
data suggest that oxidized low-density lipopro- 
tein (LDL) may be more avidly bound and taken up 
by macrophages, and thus more atherogenic, 
than unmodified LDL. A subclass of LDL, lipopro- 
tein(a), is also of interest with respect to athero- 
genic potential, particularly since it has a plas- 
minogen-like moiety as part of its structure. It 
may promote platelet aggregation and thrombus 
formation and thereby contribute to atheroscle- 
rotic plaque growth. Hypercholesterolemia, hy- 
pertension, and possibly other factors may in- 
duce changes in endothelial structure and 
function, which appear to be relatively early 
events associated with arterial injury. Smooth 
muscle cell proliferation and accumulation are 
hallmarks of arterial lesions induced by both hy- 
pertension and hypercholesterolemia, and sev- 
eral growth factors have been potentially impli- 
cated in these responses. Hypertension by itself 
causes arterial damage, but it does not appear to 
induce atherosclerosis when plasma lipid con- 
centrations are low. In combination with hyper- 
cholesterolemia, however, it is a potent promoter 
of atherogenesis, and the mechanisms for this 
more-than-additive effect are now the focus of 
considerable investigative attention. 

(Am J Cardiol 1992;70:3G—7G) 
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Ithough the etiology of atherosclerosis re- 
A= obscure, experimental evidence 

points to the involvement of several key 
factors in plaque formation. Circulating lipopro- 
teins play a critical role, and new data suggest 
especially atherogenic properties for low-density 
lipoprotein (LDL) that has undergone oxidative 
modification, as well as for another interesting 
member of the LDL family, lipoprotein(a), or 
Lp(a). Yet another important process in the evolu- 
tion of advanced atherosclerotic lesions involves 
the release of platelet-derived and other growth 
factors, with consequent cell proliferation and 
thickening of the atheroma. Moreover, current 
knowledge is now closer to elucidating why a 
combination of risk factors, such as hypertension in 
the presence of hypercholesterolemia, can be such 
a potent promoter of atherogenesis. This article 
explores new evidence about how these diverse 
mechanisms interact and contribute to the initia- 
tion and development of atherosclerosis. 


OXIDIZED LOW AND HIGH DENSITY 
LIPOPROTEIN, LIPOPROTEIN(a), AND 
ATHEROGENESIS 

The endothelium appears to play an important 
role in the events that occur early in atherogenesis. 
Hypertension, as well as hypercholesterolemia, has 
been shown to cause changes in endothelial cell 
morphology and function. Pathophysiologic events 
leading to endothelial damage include alterations 
in cell-surface adhesion substances, the so-called 
endothelial leukocyte adherence molecules 
(ELAMs), whose expression has been shown to 
increase in hypercholesterolemic rabbits.' Perme- 
ability changes are also common to most risk 
factors that cause vascular injury. Such changes 
may allow LDL to penetrate more readily into the 
subendothelial space. Early in the atherosclerotic 
process, chemotactic factors potentially generated 
by the endothelial cells, smooth muscle cells, and 
macrophages may attract monocytes and lympho- 
cytes into the subendothelial space. The monocytes 
can then interact with LDL, particularly of the 
oxidized type, to become macrophages. Finally, 
loss of the nonthrombogenic surface is also a 
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manifestation of endothelial cell damage that oc- 
curs with either hypercholesterolemia or hyperten- 
sion. 

Oxidized LDL: Although macrophages do not 
exhibit appreciable binding of native LDL, they 
possess scavenger receptors that bind avidly to 
oxidized LDL. There is evidence that oxidative 
modification of LDL occurs within endothelial 
cells, smooth muscle cells, and macrophages them- 
selves. Several mechanisms have been postulated 
by which oxidized LDL may contribute to athero- 
sclerosis.* High plasma concentrations of LDL lead 
to increased levels of LDL in the intima. As LDL is 
oxidized within the arterial wall, it can be taken up 
by macrophages, which are then transformed to 
foam cells that accumulate to form fatty streaks. 

Oxidized LDL is by itself thought to be cytotoxic 
and has been implicated in accelerating the forma- 
tion of fatty lesions. It has also been suggested that, 
by directly injuring the endothelium, oxidized LDL 
may facilitate the process by which fatty streak 
lesions progress to more advanced atherosclerotic 
lesions. Synthesis of the lipid-infiltration hypothe- 
sis and the endothelial-injury hypothesis, as pro- 
posed by Steinberg et al,” is presented in Figure 1. 

Probucol, an antioxidant agent, has been demon- 
strated to inhibit the oxidation of LDL. In studies 
performed in Watanabe heritable hyperlipidemic 
rabbits, which lack LDL receptors, probucol inhib- 
ited the development of these lesions.’ This effect 
appeared to be independent of the drug’s choles- 
terol-lowering effects, since there was little impact 
on plasma cholesterol levels in this model. In 
considering interventions that might retard oxida- 
tion of LDL, it is interesting to note that plasma 
LDL contains its own intrinsic antioxidant com- 
pounds, vitamin E and B-carotene. Recent epidemi- 
ologic data suggest that intake of high levels of 
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vitamin E or 8-carotene is associated with a lower- 
than-expected incidence of coronary artery dis- 
ease, but the findings require confirmation by 
appropriate clinical trials. 

Lipoprotein(a): Lp(a) consists of LDL bound to 
a unique, highly glycosylated apoprotein, apopro- 
tein A, which has a molecular mass in the range of 
300,000-800,000 Da. This plasma lipoprotein frac- 
tion has attracted considerable attention, not only 
because of its epidemiologic status as an indepen- 
dent risk factor for coronary artery disease and 
cerebrovascular disease, but also because it may 
represent a pathophysiologic link between athero- 
sclerosis and thrombosis.* 

The gene for apoprotein A has been localized to 
chromosome 6, where it appears to be linked to the 
gene for plasminogen. Especially noteworthy, how- 
ever, is the structural homology between the lipo- 
protein and the fibrin-cleaving enzyme. The activa- 
tion of plasminogen by tissue plasminogen activator 
is enhanced in the presence of fibrin and also at the 
endothelial cell surface. Lp(a) has been demon- 
strated in atherosclerotic lesions. It has been shown 
to interfere with normal fibrinolysis by binding to 
fibrin(ogen) and to endothelial binding sites for 
plasminogen. Thus, it has been hypothesized that 
Lp(a) not only promotes a chronic prothrombotic 
state contributing to atherosclerotic plaque growth, 
but also prevents rapid clot lysis at sites of acute 
plaque rupture.* 

The potential therapeutic advantages of lower- 
ing Lp(a) levels remain to be elucidated. Nicotinic 
acid and neomycin, used singly or in combination, 
may be effective in lowering Lp(a) levels, although 
hepatic hydroxymethyl glutaryl coenzyme A (HMG 
CoA) reductase inhibitors and anion exchange 
resins have little impact on this fraction. 


High-density lipoprotein: The epidemiologic 
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data continue to support the inverse correlation 
between high-density lipoprotein (HDL) levels 
and clinically significant atherosclerotic disease. A 
causal relationship has been strongly suggested by 
recent studies in transgenic mice that express high 
levels of apoprotein A-I, the major protein compo- 
nent of HDL. Transgenic mice fed high-fat diets 
had elevations in non-HDL cholesterol levels simi- 
lar to those of nontransgenic control mice of the 
same atherosclerosis-prone strain who were fed 
the same diet. However, the increases in plasma 
apoprotein A-I and HDL levels were more than 
twice as great in the transgenic as in the control 
animals. Compared with control mice, the trans- 
genic mice were significantly protected from the 
development of atherosclerotic fatty streak lesions, 
suggesting that high apoprotein A-I and HDL 
levels inhibit the early stages of atherogenesis. 


GROWTH FACTORS 

Atherosclerotic plaque reflects, at least in part, 
a complicated pathologic response to vascular 
injury and healing, involving the interactions of 
endothelial cells, smooth muscle cells, macro- 
phages, platelets, and lymphocytes. Smooth muscle 
cell migration, proliferation, and accumulation in 
the intima occur, along with macrophage accumula- 
tion. The stimulation of smooth muscle cell growth 
may be mediated by growth factors and appears to 
be a calcium-dependent process. A long list of 
growth factors, including platelet-derived growth 
factor, interleukin-1, various cytokines, epidermal 
growth factor, and transforming growth factor-f, 
has been reported to stimulate smooth muscle cell 
growth. Growth factors may be produced by vas- 
cular cells themselves. We have demonstrated 
increased expression of the platelet-derived growth 
factor-B receptor and of transforming growth 
factor-8 by northern (RNA) blot analysis in rat 
aorta in response to blood pressure elevation®’ 
(Figure 2). 

Agents that can inhibit smooth muscle cell 
proliferation include transforming growth factor-B 
(which may under certain conditions be a growth 
promoter), tumor necrosis factor, heparin, angio- 
tensin-converting enzyme (ACE) inhibitors, cal- 
cium antagonists, colchicine, growth factor antibod- 
ies, somatostatin analogues, and high-dose steroids. 
ACE inhibitors have been shown to inhibit the 
development of proliferative fibromuscular plaque 
and preserve lumen integrity after balloon injury to 
the rat carotid artery.’ Untreated animals who 
sustained vascular injury showed evidence of 
smooth muscle cell proliferation, smooth muscle 


cell migration from the media to the intima, and 
extracellular matrix synthesis leading to intimal 
thickening and reduction in lumen area. The inves- 
tigators assumed that the effect of the drugs in 
preventing this restenosis-type lesion was related 
to inhibition of angiotensin [I-modulated smooth 
muscle cell proliferation and matrix protein synthe- 
sis. The calcium antagonist isradipine has been 
shown to have similar effects on plaque size in rat 
carotid arteries.? A more recent report indicated 
that a polyclonal antibody to platelet-derived growth 
factor inhibited the development of intimal lesions 
in rat carotid arteries after balloon injury.’ These 
findings confirmed the involvement of endogenous 
platelet-derived growth factor in the accumulation 
of smooth muscle cells associated with angioplastic 
vascular injury. 

Beneficial effects have been observed in experi- 
mental models of atherosclerosis as well. Our 
studies have demonstrated that captopril markedly 
reduced aortic surface involvement by atherosclero- 
sis in the descending thoracic aorta (Table I)." 
Treatment also reduced the cellularity and in- 
creased the connective tissue content of the ath- 
erosclerotic lesions. Similar results have been 
observed by us with another ACE inhibitor, trandol- 
april,'? suggesting a class effect of these drugs. 


RISK-FACTOR MODIFICATION AND 
INTERACTIONS 

Studies performed more than 2 decades ago 
proved that reducing plasma cholesterol levels in 
hypercholesterolemic animals would markedly re- 
duce arterial cholesterol content. In one such 
study, monkeys who had been fed a high-choles- 
terol diet for 40 months developed plasma choles- 
terol levels of 500-700 mg/dL and severe coronary 
artery disease. However, in monkeys who were 
switched to a normal diet after 17 months, plasma 
cholesterol levels returned to normal, and the 
coronary arteries showed fewer foam cells, a consid- 
erable reduction in cholesterol, some improvement 
in lumen diameter, and a relative increase in 
connective tissue content. !? 

Hypertension induces arterial changes mark- 
edly similar to those observed with hypercholester- 
olemia, including endothelial changes, leukocyte 
adherence and penetration, macrophage accumula- 
tion, increased permeability to plasma lipids, 
smooth muscle cell migration, and intimal smooth 
muscle cell proliferation and accumulation. In the 
presence of normal circulating lipoprotein levels, 
these hypertensive changes usually culminate in 
intimal thickening rather than atherosclerotic 
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plaque development. In association with hypercho- 
lesterolemia, however, hypertension can be an 
important promoter of atherosclerosis. The po- 
tency of this combination of risk factors has been 
demonstrated dramatically in Watanabe rabbits. 


TABLE I Effects of Angiotensin Converting Enzyme Inhibitors 
on Aortic Atherosclerosis in the WHHL Rabbit* 


Control 
(% intimal surface) 


Captopril 


Aortic Region (% intimal surface) 


47.9 + 3.6 
76.3 + 4.7 
48.9 + 5.2 
28.6 + 2.5 


29.7 + 3.9t 
76.3 + 3.7 
15.3 + 3.94 
26.2 + 4.4 


Total aorta 
Ascending and arch 
Descending thoracic 
Abdominal 


*Eight control and 14 captopril-treated Watanabe heritable hyperlipidemic (WHHL) 
rabbits. 

tp <0.01. 

tp <0.001. 

Adapted with permission trom Hypertension. |! 
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FIGURE 2. Northern blot analyses 
of aortic platelet-derived growth 
factor (PDGF) receptor gene ex- 
pression in deoxycorticosterone 
(DOC)/salt hypertension; aortic 
PDGF-r 6, PDGF-r a, and B-actin 
steady state mRNA levels in DOC/ 
salt hypertensive rats and normo- 


systolic blood pressure + SE is 
shown at the bottom of each 
lane. Adapted with permission 
from Hypertension.® 
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The extent and severity of atherosclerotic plaque 
formation was significantly greater in hypercholes- 
terolemic rabbits who were also hypertensive than 
in animals who were equally hypercholesterolemic 
but normotensive.'* In clinical terms, this more- 
than-additive effect represents an enormous prob- 
lem, since 40% of patients with untreated hyperten- 
sion have serum cholesterol levels >240 mg/dL, 
whereas 46% of patients with serum cholesterol 
levels > 240 mg/dL have blood pressures > 140/90 
mm Hg.!5 


CONCLUSION 

We are now beginning to unravel the exact 
mechanisms by which hypertension and hypercho- 
lesterolemia damage the arterial wall and contrib- 
ute to the development of atherosclerosis. Recent 
research has provided exciting insights into the 
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increased atherogenic potential of oxidized LDL, 
the possible atherogenic and thrombogenic contri- 
butions of Lp(a), the protective effects of HDL 
(even in the presence of elevated total cholesterol 
levels), and the role of growth factors in inducing 
smooth muscle cell proliferation and plaque forma- 
tion and progression. Our enhanced perspective on 
the interactions among these fundamental pro- 
cesses should eventually lead to improved strate- 
gies for preventing or modifying the course of 
atherosclerosis. 


REFERENCES 

1. Cybursky MI, Gimbrone MA Jr. Endothelial expression of a mononuclear 
leukocyte adhesion molecule during atherogenesis. Science 1991;251:788-791. 
2. Steinberg D, Parthasarathy S, Carew TE, Khoo JC, Witztum JL. Beyond 
cholesterol. Modifications of low-density lipoprotein that increase its atheroge- 
nicity. N Engl J Med 1989;320:915-921. 

3. Steinberg D, Witztum JL. Lipoproteins and atherogenesis. JAMA 1990;264: 
3047-3052. 

4. Loscalzo J. Lipoprotein(a). A unique risk factor for atherothrombotic dis- 
ease. Arteriosclerosis 1990;10:672-679. 

5. Rubin EM, Krauss RM, Spangler EA, Verstuyft JG, Clift SM. Inhibition of 
early atherogenesis in transgenic mice by human apolipoprotein AI. Nature 
1991;353:265-267. 

6. Sarzani R, Arnaldi G, Chobanian AV. Hypertension-induced changes of 
platelet-derived growth factor expression in rat aorta and heart. Hypertension 
1991;17:888-895. 

7. Sarzani R, Brecher P, Chobanian AV. Growth factor expression in aorta of 
normotensive and hypertensive rats. J Clin Invest 1989;83:1404-1408. 

8. Powell JS, Clozel J-P, Muller RKM, Kuhn H, Hefti F, Hosang M, Baumgart- 
ner HR. Inhibitors of angiotensin-converting enzyme prevent myointimal prolif- 
eration after vascular injury. Science 1989;245:186-188. 

9. Handley DA, Van Valen RG, Meldon MK, Saunders RN. Suppression of 
rat carotid lesion development by the calcium channel blocker PN 200-110. Am 
J Pathol 1986;124:88-93. 

10. Ferns GAA, Raines EW, Sprugel KH, Motani AS, Reidy MA, Ross R. 
Inhibition of neointimal smooth muscle accumulation after angioplasty by an 
antibody to PDGF. Science 1991;253:1129-1132. 

41. Chobanian AV, Haudenschild CC, Nickerson C, Drago R. Antiathero- 
genic effect of captopril in the Watanabe heritable hyperlipidemic rabbit. 
Hypertension 1990;15:327-331. 

12. Chobanian AV, Haudenschild CC, Nickerson C, Hope S. Trandolapril 
inhibits atherosclerosis in the Watanabe heritable hyperlipidemic rabbit. Hyper- 
tension. 1992;20;:473-477. 

13. Armstrong ML, Warner ED, Connor WE. Regression of coronary athero- 
matosis in rhesus monkeys. Circ Res 1970;27:59-67. 

14. Chobanian AV, Lichtenstein AH, Nilakhe V, Haudenschild CC, Drago R, 
Nickerson C. Influence of hypertension on aortic atherosclerosis in the Wata- 
nabe rabbit. Hypertension 1989;14:203-209. 

15. Working Group on Management of Patients with Hypertension and High 


= TRENY L Yor "y Pee | ar ie is are < 4", gir ai y uad a Pia T <a rary ae el Ta PS 
ie . roe FAAS 


i 


Blood Cholesterol. National educational program working group report on the 
management of patients with hypertension and high blood cholesterol. Ann 
Inten Med 1991;114:224-237. 


DISCUSSION 

Participant: In your study in Watanabe rabbits, 
what accounted for the differences in the extent to 
which angiotensin-converting enzyme (ACE) inhi- 
bition affected atherosclerosis in the abdominal 
aorta and ascending aorta versus the descending 
thoracic aorta? 

Dr. Aram V. Chobanian: In our study, captopril 
significantly decreased atherosclerosis in the de- 
scending thoracic aorta but not in the abdominal 
aorta or the ascending aorta. This may reflect an 
experimental design problem, in that by the time 
the animals began treatment at 3 months of age, 
they had already developed considerable athero- 
sclerosis in the ascending aorta. The opposite 
situation could hold for the abdominal artery, 
where it is a slow process that may take longer. 
However, in our more recent studies with another 
ACE inhibitor, trandolapril, we have observed 
statistically significant changes in all 3 arteries, 
although the greatest changes were still noted in 
the descending thoracic aorta. 

Participant: In the carotid endothelial injury 
model, a variety of agents have been shown to 
prevent vascular smooth muscle hyperplasia. How- 
ever, none of these agents has been shown to be 
really effective in preventing restenosis after angio- 
plasty in humans. Have you any ideas on why this is 
the case? 

Dr. Chobanian: The recent European study 
with another ACE inhibitor, cilazapril, certainly 
did not show any effect of the drug in preventing 
restenosis, and the results to date with calcium 
antagonists have been similarly negative. It is 
unclear whether these negative results stem from 
problems in study design or drug dosing, or whether 
they reflect species differences. 
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New insights into the Management of 
Myocardial Ischemia 


Alan C. Yeung, mD, Khether E. Raby, mp, Peter Ganz, mp, and Andrew P. Selwyn, MD 


Episodes of ST depression are closely related to 
transient decreases in regional myocardial perfu- 
sion during physical or mental stress. At the on- 
set of these events, there is transient constric- 
tion of atherosclerotic stenoses, with an 
increase in myocardial demand as reflected by 
increases in heart rate and blood pressure. Re- 
cent research has shown that normal epicardial 
coronary arteries respond to these provocations 
and to increasing bleod flow with progressive va- 
sodilation. in contrast, atherosclerotic vessels 
lose this ability to dilate and may show paradoxi- 
cal constriction. This abnormal constriction paral- 
lels the response of the arteries to acetylcholine, 
which can be used te assess the ability of the cor- 
onary endothelium to regulate vasodilation. The 
loss of endothelium-dependent vasodilation ap- 
pears to be an important functional manifesta- 
tion of coronary atherosclerosis and a potential 
triggering mechanism for transient ischemia. 
Dysfunctional endothelium may also result ina 
procoagulant surface, with cell adherence and 
local thrombus formation. Restoration of normal 
endothelial function is likely to emerge as an 
important therapeutic objective in the manage- 
ment of myocardial ischemia and coronary athero- 
sclerosis. 

(Am J Cardiol 1992;70:8G—13G) 


From the Cardiovascular Division, Department of Medicine, 
Brigham and Women’s Hospital, Harvard Medical School, Boston, 
Massachusetts. 

Address for reprints: Andrew P. Selwyn, MD, Cardiovascular 
Division, L2, Brigham and Women’s Hospital, 75 Francis Street, 
Boston, Massachusetts 02115. 


ransient myocardial ischemia is an impor- 
Pi functional expression of coronary ar- 

tery disease. Although angina is a typical 
herald of ischemia, it does not occur prior to the 
majority of adverse coronary events. Episodes of 
ST depression are closely related to transient 
decreases in regional myocardial perfusion in re- 
sponse to such provocations as exercise, exposure 
to cold, and mental stress. Recent research indi- 
cates that atherosclerotic arteries lose their ability 
to dilate in response to such stimuli and instead 
constrict inappropriately. Experimental and clini- 
cal studies suggest that the loss of endothelium- 
dependent vasodilation is an important conse- 
quence of hypercholesterolemia and coronary 
atherosclerosis and represents a potential patho- 
genic mechanism for transient myocardial isch- 
emia. These findings may prove of value in the 
treatment of myocardial ischemia, the control of 
atherosclerosis, and the prevention of adverse 
coronary events. 


TRANSIENT ISCHEMIA: PREVALENCE AND 
PROGNOSIS 

Most clinicians would agree that, in patients 
with coronary artery disease, the presence and 
severity of transient ischemia provide a measure of 
the risk of adverse coronary events. A familiar 
clinical problem is that, although the majority of 
ischemic episodes that occur in middle-aged indi- 
viduals with cardiovascular risk factors are com- 
pletely asymptomatic, these transient events are 
also highly associated with the presence of athero- 
sclerotic stenoses in the proximal epicardial arter- 
ies. 

The prevalence of ischemia varies greatly, de- 
pending on the clinical diagnosis. It is important to 
emphasize that this prevalence is < 10% in unse- 
lected populations with no symptoms, no history of 
coronary artery disease, and few risk factors. For 
this reason, screening is not worthwhile in these 
open populations. In contrast, active ischemia 
during exercise testing or ambulatory monitoring is 
quite frequent in populations with chronic stable 
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coronary disease or unstable angina and among 
survivors of myocardial infarction, coronary artery 
bypass grafting, or cardiac arrest.' Even in patients 
who present with peripheral vascular disease, am- 
bulatory monitoring and dipyridamole thallium 
studies reveal a 16-20% prevalence of unsuspected 
but active ischemia.2* Thus, in these high-risk 
populations, the prevalence of ischemic episodes 
must be considered, whether or not an individual 
complains of angina. 

In patients with chronic stable coronary artery 
disease, the severity and extent of ischemia on 
thallium stress testing correlate with the event rate 
on subsequent follow-up.* It is interesting to note 
that the risk of myocardial infarction or death is 
extremely low for approximately 2 years in patients 
with chronic stable coronary disease who have 
positive exercise tests and proven atherosclerosis 
but who show no active ischemia on ambulatory 
monitoring while off medication. After 2 years, 
however, these patients begin to experience ad- 
verse events, presumably because of progression of 
the underlying coronary disease. In contrast, the 
occurrence of active ischemia on Holter monitor- 
ing is associated with a worse prognosis, even when 
it is the single distinguishing clinical feature. Pa- 
tients with asymptomatic ischemia show better 
event-free survival than those with symptomatic 
ischemia at the outset, but this advantage is lost 
within 3 years (Figure 1). By 5 years, patients with 
asymptomatic and symptomatic ischemia experi- 
ence the same prognosis. 


ATHEROSCLEROSIS, ENDOTHELIAL 
DYSFUNCTION, AND VASOCONSTRICTION 

Sympathetic stimulation: What is the role of 
increased myocardial oxygen demand and de- 
creased coronary blood supply in causing the isch- 
emia associated with such common events as exer- 
cise, mental stress, and exposure to cold? These 
events are almost always accompanied by an in- 
crease in neural and circulating sympathetic activ- 
ity, blood pressure, and heart rate, resulting in 
increased myocardial demand. At the same time, 
normal epicardial coronary arteries respond to this 
increase in demand associated with sympathetic 
stress with increased coronary blood flow and 
modest vasodilation of the large epicardial vessels. 
Atherosclerotic vessels, in contrast, lose this vasodi- 
lator response and develop constriction of varying 
degrees during sympathetic arousal. Interestingly, 
however, these vessels retain their ability to dilate 
in response to nitroglycerin. 

Evidence from basic as well as clinical research 


suggests that endothelial dysfunction in atheroscle- 
rosis permits the growth of stenotic lesions and the 
appearance of paradoxical constriction. The coro- 
nary vascular endothelium is a responsive organ 
that, in and of itself, can transduce signals from the 
intravascular environment, including blood pres- 
sure, pulse pressure, and acetylcholine stimulation 
of muscarinic receptors. In addition, many prod- 
ucts of platelets and thrombin can stimulate the 
endothelium to exert its own local vasodilating 
effect on vascular smooth muscle cells. Thus, in the 
healthy intact organism, the endothelium regulates 
a defensive local vasodilating response. Within the 
endothelial cell, in response to appropriate stimuli, 
nitric oxide is cleaved off the terminal guanidino 
group of the amino acid L-arginine. The short-lived 
nitric oxide then diffuses locally, reaching the 
vascular smooth muscle cells, where it acts on 
cyclic adenosine monophosphate, producing vaso- 
dilation through a mechanism not dissimilar to the 
therapeutic effects of nitroglycerin. We know from 
experimental studies that this very fragile and 
easily disturbed vasodilator system can be impaired 
by increased levels of low-density lipoprotein 
(LDL), particularly oxidized LDL; by hypertension; 
and by the early changes of atherosclerosis. 

These findings are directly relevant to coronary 
artery disease in our patients. Smooth coronary 
arteries can exhibit endothelium-dependent vasodi- 
lation in response to acetylcholine (10-*-10~° M), 
a local and specific test of endothelial function, or 
in response to more complex sympathetic stimuli 
such as mental stress (Figure 2A). Our group has 
demonstrated in patients undergoing diagnostic 
catheterization that atherosclerotic coronary arter- 
ies lose their dilator response and develop con- 
striction in response to either acetylcholine or 
mental stress (Figure 2B).° Interestingly, the vaso- 
motor response to mental stress correlates with the 
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response to acetylcholine (r = 0.58, p <0.003; 
Figure 3). Similarly, previous studies have shown 
that atherosclerosis-induced disturbances in coro- 
nary vasomotor function cause abnormal constric- 
tion in response to exercise’ and to cold pressor 
testing’ and that these responses also correlate 
with the response to acetylcholine. These observa- 
tions suggest that the coronary vascular endothe- 
lium is an important local determinant in the 
balance of forces that determine the net response 
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of the epicardial arteries to physical and mental 
stressors. Thus, the disruption of local endothelial 
function by atherosclerosis can impair coronary 
vasodilation, leading to inappropriate vasoconstric- 
tion at stenoses and, possibly, transient myocardial 
ischemia. 

Those arteries with intact endothelial function 
appear to be resistant to the constrictor effect of 
phenylephrine administered locally as a sympa- 
thetic stimulus. It has been shown angiographi- 








FIGURE 3. Relation between 
changes in diameter (%) in re- 
sponse to acetylcholine and to 





p <0.003, r=0.58 


10 20 30 





LOG THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 70 NOVEMBER 27, 1992 


cally, however, that coronary arteries with dysfunc- 
tional endothelium are significantly more sensitive 
to the constrictor effects of identical doses of 
phenylephrine.’ These clinical findings, which con- 
firm the results of early animal experiments,'? may 
provide one explanation of why paradoxical con- 
striction occurs in coronary arteries with dysfunc- 
tional endothelium when challenged by a sympa- 
thetic stimulus. 

Thrombosis: In the presence of dysfunctional 
endothelium, paradoxical coronary vasoconstric- 
tion results not only from sympathetic stimulation, 
but also from thrombin produced in the coagula- 
tion cascade and from serotonin and adenosine 
diphosphate elaborated by aggregating platelets. 
This represents a potentially important link that 
connects atherosclerosis, thrombosis, and abnor- 
mal constriction, these being the important ele- 
ments leading to ischemia and infarction in our 
patients with no angiographic evidence of coronary 
atherosclerosis. 

Hyperlipidemia: Endothelial function can be 
affected by many factors, but most notably plasma 
lipid levels. In patients with no angiographic evi- 
dence of coronary atherosclerosis, total cholesterol 
<180 mg/dL is generally associated with intact 
endothelial function, as reflected by a vasodilator 
response to acetylcholine (Figure 4). On the other 
hand, in most patients with cholesterol levels > 220 
mg/dL, endothelial function is lost even in coro- 
nary arteries without angiographic evidence of 
atherosclerotic lesions. There is both clinical and 
experimental evidence that endothelial dys- 
function occurs very early in the development of 
atherosclerosis.!! In the macaque monkey, endothe- 
lium-dependent vasodilation is lost with hyper- 
cholesterolemia but can be restored if hyperchol- 


FIGURE 4. Slope of acetyicholine 
dose—response relation (% diam- 
eter change/log [ACh]) versus 
cholesterol level. (Adapted with 
permission from Circulation.**) 
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esterolemia is corrected, even in the presence of 
subintimal thickening, which takes a longer time to 
regress.!? Clinical research studies in patients are 
currently investigating whether endothelial abnor- 
malities can be reversed and appropriate vasodila- 
tor and anticoagulant functions restored in pa- 
tients with atherosclerosis by administering 
antioxidants such as probucol, by decreasing LDL 
levels, and in the future by increasing high-density 
lipoprotein levels. 

Studies in patients show that lowering plasma 
cholesterol, particularly LDL cholesterol, results 
in very modest physical regression of coronary 
atherosclerosis but much more substantial reduc- 
tions in adverse coronary events.!* This suggests 
that improvements in the functional aspects of the 
physiology of atherosclerosis are not only possible 
but are likely more important in patients. The 
Multiple Risk Factor Intervention Trial (MRFIT), 
for example, demonstrated that patients with man- 
ifest coronary artery disease will benefit from 
cholesterol lowering, blood pressure control, and 
smoking cessation.'* Further support for this con- 
cept comes from the more recent Familial Athero- 
sclerosis Treatment Study (FATS),! which showed 
that intensive lipid-lowering therapy reduces the 
frequency of progression of coronary lesions and 
the incidence of cardiovascular events in men with 
coronary artery disease who are at high risk. 


EFFECTS OF ANTI-ISCHEMIC THERAPY ON 
PROGNOSIS 

Much more is known about the effects of anti- 
anginal drugs on ischemia than about their influ- 
ence on patient outcome. For example, it is known 
that any decrease in the frequency of ischemic 
episodes achieved by a B blocker or a dihydropyri- 
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dine calcium antagonist, or a combination of the 2, 
is significant and dose-dependent and that various 
antianginal agents have differential effects on isch- 
emia occurring at low heart rates versus high heart 
rates. Studies in patients using ambulatory electro- 
cardiographic monitoring have demonstrated that 
B blockers may actually increase the incidence of 
ischemic events at low heart rates but exert a 
beneficial effect on ischemia at intermediate and 
high heart rates.'° In contrast, transcutaneous 
nitroglycerin reduces ischemia at low heart rates 
but worsens the events at high heart rates. These 
opposite but complementary actions may stem not 
only from the drugs’ overall effects on heart rate 
and myocardial demands, but also from differences 
in their effects on coronary blood supply. 

A multicenter study funded by the National 
Heart, Lung, and Blood Institute is underway and 
addresses the issue of whether the relief of isch- 
emia can reduce adverse coronary events in pa- 
tients. At present, there is only minimal evidence 
that medical therapy affects prognosis, with the 
exception of B blockers and aspirin in certain 
subsets of coronary patients.'’ Surgical treatment 
has been shown to improve survival relative to 
medical treatment in patients with obvious evi- 
dence of ischemia in noninvasive test results, al- 
though it offered no advantage in those who had 
normal or only mildly abnormal test results, i.e., no 
ischemia. !® 


CONCLUSION 

The dysfunctional endothelium that character- 
izes coronary atheroslerosis results in the loss of 
normal endothelium-mediated vasodilator re- 
sponses to physical and mental provocations and 
also leads to the development of a procoagulant 
surface, with cell adherence and local thrombus 
formation. Active ischemia in patients with coro- 
nary lesions appears to arise from this disordered 
cell biology, i.e., abnormal growth of stenosis, 
constriction, and thrombosis, all of which increase 
the patient’s risk of adverse outcomes. In the 
future, the restoration of normal endothelial func- 
tions is likely to become a major goal in the 
long-term control of coronary atherosclerosis and 
prevention of adverse coronary events. 
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DISCUSSION 

Participant: Does hypertriglyceridemia, in the 
absence of hypercholesterolemia, alter the endothe- 
lial response to acetylcholine? 

Dr. Andrew Selwyn: That is an interesting point, 
since in some clinical settings hypertriglyceridemia 
is an independent risk factor for atherosclerosis 
and for coronary events. There is very little informa- 
tion about the influence of triglycerides on endothe- 
lial function, since the majority of studies to date 
have examined the effects of increased LDL, oxi- 
dized LDL, and, to a lesser extent, shear force and 
blood pressure. 
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Participant: Have you attempted to block the 
action of nitric oxide to confirm that it is actually an 
endothelial function that mediates the vascular 
response to stress? 

Dr. Selwyn: Administration of very small quan- 
tities of free hemoglobin and monomethylarginine 
into the coronary circulation abolishes the vasodila- 
tor response to stress, increased blood flow, and 
acetylcholine. Most studies have shown that the 
change from dilation to constriction depends on 
the function or dysfunction of the endothelium. 
This is not to say that endothelial dysfunction is the 
only abnormality in atherosclerosis, but it does 
appear to be a reasonable barometer of atheroscle- 
rotic damage. 

Participant: Do atherosclerotic coronary arter- 
ies constrict in response to stress because they are 
more sensitive to circulating catecholamines? 

Dr. Selwyn: According to the work of Martin et 
al,!° in the healthy endothelium, there is continu- 
ous basal release of endothelium-derived relaxing 
factor (ERDF) under normal conditions and pulsed 
release in response to stress. Loss of the ability of 
the endothelium to release EDRF accounts for the 
shift in the vascular dose-response curve to norepi- 
nephrine and to phenylephrine. 

Participant: Could you summarize your perspec- 
tive on the heart rate changes that precede epi- 
sodes of ischemia? 

Dr. Selwyn: Most ambulatory monitoring stud- 
ies have shown that a small increase in heart rate (a 
median of 15 beats/min) precedes the onset of 
>70% of episodes of ST-segment depression. 
These periods of increased heart rate last an 
average of 30 minutes. In contrast, equal increases 
in heart rate that are short lived are not associated 
with ischemia. Thus, unlike ischemic episodes ob- 
served during the Bruce protocol, the majority of 
ischemic episodes that occur outside the hospital 
appear to be associated with modest increases in 
heart rate of long duration. 

Participant: You described differences in ther- 
apeutic response based on the resting heart rate. 
Are there any differences in heart rate changes in 
individuals with low versus intermediate versus 
high heart rates? 


Dr. Selwyn: It is difficult to distinguish between 
the effect of the B blocker because they reduce 
heart rate throughout the day but could also 
modify the mechanisms at the onset of ischemia. 
Beta blockers can reduce heart rate below the 
range that precedes ischemia. Despite this, isch- 
emia continues to occur at lower heart rates. The 
puzzle is that the incidence of ischemic events at 
low heart rates actually increases with B blockade. 

Participant: Could you speculate about the 
adverse effects of the B blockers in increasing 
atherogenesis at the same time that they protect 
against rapid heart rates? 

Dr. Selwyn: The effect of the B blockers actually 
represents the net effect of several different ac- 
tions, including antiarrhythmic activity, anti-isch- 
emic activity, and decreased myocardial oxygen 
consumption (MVO,). Theoretically, there is rea- 
son to believe that B blockade removes the dilating 
effect of B stimulation on the epicardial arteries, 
leaving a constriction unopposed. In fact, coronary 
resistance is slightly worse at rest during B blocker 
therapy. However, these effects are balanced by 
the stronger effect of decreased MVO, throughout 
the day. Thus, the net effect is a significant reduc- 
tion in the overall frequency and duration of 
ischemia, despite the increased frequency of low 
heart rate ischemic episodes. 

Participant: Could you comment on the clinical 
implications of the increased frequency of low 
heart rate ischemic episodes? 

Dr. Selwyn: One possibility is that B blockade 
eliminates high heart rate ischemic events, so that 
the ischemia that remains simply appears in the 
lower heart rate range. A second possibility is that 
8 blockers are more effective in abolishing isch- 
emic events triggered largely but not exclusively by 
an increase in MVO>. Thus, the remaining isch- 
emic episodes are caused primarily by problems 
with coronary blood supply. It might be of interest 
to investigate whether such supply-side ischemic 
events provide important prognostic information 
and whether they reveal anything about the patho- 
physiologic activity of the coronary disease at the 
time they occur. 
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Mechanisms of Myocardial Ischemia 


Peter F. Cohn, MD 





Traditionally, myocardial ischemia has been 
viewed as an imbalance in the supply and de- 
mand of myocardial oxygen. Stable angina is usu- 
ally considered to involve a fixed lesion, whereas 
unstable angina involves a fixed lesion as well as 
such components as platelet aggregation, throm- 
botic processes, and vasospasm. Variant angina 
involves primarily vasospasm. A newer concept 
holds that most angina results from mixed mech- 
anisms in which both fixed lesions and vasomotor 
alterations play a role. These mechanisms are 
responsible for mixed ischemic events, charac- 
terized by episodes at varying levels of exertion, 
with or without anginal pain. This concept would 
seem to be supported by the occurrence of silent 
ischemia in the setting of stable, unstable, or 
variant angina, despite differing pathophysio- 
logic conditions. Ischemic events have important 
prognostic significance; unfortunately, many are 
unrecognized by patients. The question whether 
the treatment of ischemic events will improve 
prognosis remains a matter of debate. 

(Am J Cardiol 1992;70:14G—18G) 
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4 {raditional views regarding the mechanisms 
of myocardial ischemia are being sup- 
planted by a newer concept based on the 

presence of both fixed atherosclerotic obstructions 
and vasomotor changes. These factors are thought 
to be responsible for what has now been termed 
mixed ischemia—the occurrence of ischemic epi- 
sodes at varying levels of exertion. Ischemic events 
are of particular importance because they have 
adverse prognostic implications but often go unrec- 
ognized by patients. 


TRADITIONAL CONCEPTS OF ISCHEMIA 

The pathophysiologic pattern of myocardial isch- 
emia has traditionally been viewed in terms of an 
imbalance between myocardial oxygen supply and 
demand. Any factor that results in greater myocar- 
dial oxygen demand or reduced oxygen supply can 
thereby provoke ischemia. 

On the demand side, ischemia may result from 
an increase in heart rate, contractility, or left 
ventricular wall stress. The increased demand can 
be caused by exercise, emotional stress, hyperten- 
sion, tachycardia, a left ventricular outflow obstruc- 
tion, or a hypermetabolic state. Myocardial oxygen 
supply is determined by coronary blood flow and 
coronary arteriovenous oxygen difference, which is 
normally near maximal at rest. This supply may be 
decreased by atherosclerotic coronary obstruction, 
vasospasm, platelet aggregation, hypotension, ane- 
mia, or hypoxia. 


CONSEQUENCES OF ISCHEMIA 

Pathophysiologic studies have given rise to in- 
triguing findings regarding the biochemical, hemo- 
dynamic, electrocardiographic (ECG), and clinical 
sequelae of myocardial ischemia. Despite the broad 
range of consequences of ischemia, the prognostic 
significance of these changes has been a matter of 
considerable controversy. This debate has cen- 
tered on the issue of whether ischemia should be 
treated not simply to relieve anginal pain when that 
is present, but to reduce the possible risk of 
morbidity and mortality associated with the isch- 
emia per se. 


14G THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 70 NOVEMBER 27, 1992 





With ischemia, the shift from aerobic to anaero- 
bic energy usage results in lactate production and 
potassium release. The effects of these changes on 
subsequent clinical events must be considered. In 
addition, ischemia exerts hemodynamic effects that 
are not only systolic, but diastolic in nature. These 
changes include an increase in left ventricular 
end-diastolic pressure, a decrease in cardiac out- 
put, greater diastolic stiffness, and wall-motion 
abnormalities. Some observers have conjectured 
that such effects, continuously repeated, might 
lead to chronic, patchy fibrosis of the ventricle and, 
ultimately, cardiomyopathy. 

The ECG effects not only encompass the ST- 
segment and T-wave changes typical of subendocar- 
dial or transmural ischemia, but also can lead to 
arrhythmias. Although the literature on the progres- 
sion from ischemia to fatal arrhythmias is, at 
present, relatively anecdotal, it only requires a 
single episode of ventricular fibrillation to cause 
death. Obviously, then, if only 1 episode of ventric- 
ular fibrillation occurs over the course of hundreds 
of episodes of ischemia, this is nonetheless an 
important prognostic consideration. 

The clinical consequences of myocardial isch- 
emia fall into 2 categories: symptomatic (angina) 
and asymptomatic (silent) ischemia. Again, the 
question whether therapy is indicated for more 
than symptomatic relief remains unresolved. 


SYMPTOMATIC VERSUS ASYMPTOMATIC 
ISCHEMIA 

The sequence of events that occur during myo- 
cardial ischemia has been well demonstrated in the 
angioplasty experience. After occlusion, relaxation 
and contraction abnormalities occur first, followed 
by increased filling pressure, ECG changes, and 
finally angina.'! Although pain is common, patients 
often do not complain of symptoms during the 
angioplasty procedure, even when complete occlu- 
sion is present. 

The reasons for the lack of pain during some 
ischemic episodes remain unclear. In one study, 
the anginal perceptual threshold (defined as the 
time from onset of exercise-induced ST-segment 
depression to onset of symptoms) was found to be 
prolonged in diabetic, compared with nondiabetic, 
subjects.2 The investigators suggested that this 
altered pain perception might result from damage 
to the sensory innervation of the heart—a previ- 
ously unrecognized component of diabetic neurop- 
athy. Notably, however, the perception of anginal 
pain is highly variable among both diabetic and 
nondiabetic subjects. Pain perception thresholds 


that are sufficiently altered to prevent patients 
from experiencing angina are likely to be present in 
only a small group of individuals who rarely have 
ischemia. 

Much more common are patients who experi- 
ence pain during some episodes of ischemia but 
not others. Although silent ischemia is more preva- 
lent in diabetic patients and also increases with 
aging, perhaps due to neuropathy, these observa- 
tions do not help explain why an individual patient 
may experience a painful ischemic episode during 
the day and an asymptomatic episode only | hour 
later. 

A series of studies have examined the impor- 
tance of the amount of myocardium at jeopardy. 
The results of some investigations, involving pa- 
tients undergoing angioplasty, have suggested that 
individuals with both symptomatic and asymptom- 
atic ischemia do not have larger amounts of myocar- 
dium at risk. Earlier work conducted by Deanfield 
and colleagues? found no qualitative differences in 
perfusion abnormalities occurring in conjunction 
with painful and painless episodes in the same 
patient. Despite these findings, some observers 
continue to contend that the amount of jeopar- 
dized myocardium helps explain why some isch- 
emic episodes are painful and some are not. 
Although the debate continues, its resolution may 
not be important from the standpoint of prognosis. 


MECHANISMS OF MIXED ISCHEMIA 

Our current state of knowledge would seem to 
support the view that most ischemia is mixed, 
involving mechanisms traditionally associated with 
specific types of angina. Moreover, the presence or 
absence of pain is not related to the cause of mixed 
ischemia; silent ischemia can occur in the setting of 
stable, unstable, or variant angina, despite differing 
pathophysiologic mechanisms. 

Stable angina is usually considered to involve a 
fixed lesion, whereas unstable angina involves not 
only a fixed lesion but also components such as 
platelet aggregation, thrombotic processes, and 
vasospasm. Variant angina, by definition, involves 
primarily vasospasm. Mixed angina involves all 
these components at various times during the cycle 
of the patient’s ischemic episodes. 

Residual coronary flow reserve: Traditional 
concepts held that, in the presence of a fixed 
atherosclerotic obstruction, residual coronary flow 
reserve is fixed. In other words, residual coronary 
flow reserve is reduced to a moderate degree, so 
that myocardial perfusion is limited. Whereas a 
normal individual might increase coronary flow by 
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perhaps 4 times the level at rest in response to 
energy requirements, the patient with a fixed ob- 
struction can increase flow only up to 3 times the 
level at rest, but no further (Figure 1).* At a level of 
oxygen demand requiring greater flow, ischemia 
ensues. 

The newer concept holds that residual coronary 
flow reserve is not fixed but rather varies over the 
course of a day in response to vasomotor changes 
(Figure 2).4 Although the residual coronary flow 
reserve still has an upper limit, it fluctuates in 
response to changes in resistance at the site of the 
flow-limiting stenoses. As a result, ischemic epi- 
sodes continue to occur when exercise demands 
exceed the threshold of the residual coronary flow 
reserve, but ischemia also occurs at lower levels of 
energy consumption because the flow reserve is 
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FIGURE 1. Traditional concept of 
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reduced. Ischemia can also occur at rest during 
episodes of intense vasoconstriction. 

Morphologic progression during atheroscle- 
rosis: The concept of mixed ischemia also seems 
compatible with the morphologic progression of 
atherogenesis. With a fixed concentric lumen, there 
is basically no room for increased vasoconstriction, 
even during normal vasomotor changes that occur 
during the day (Figure 3).° Although such changes 
may account for a small reduction in lumen diame- 
ter, few or no symptoms of ischemia may occur. 
Thus, in the presence of a markedly atherosclerotic 
region with a very small lumen, little additional 
vasoconstriction can occur during the day, and a 
patient with this morphology would likely experi- 
ence ischemia only when myocardial oxygen de- 
mands reach a critical level. 


FIGURE 2. Concept of variable 
flow reserve in pres- 
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On the other hand, with a more eccentric 
lumen, one containing areas where effects of vaso- 
constriction are possible, further reduction in lu- 
men diameter can precipitate ischemia both at rest 
and on exertion (Figure 3). Finally, in the presence 
of large areas that are not severely compromised 
but have potential for marked vasoconstriction, 
ischemia may occur at rest. 


CLINICAL FEATURES OF MIXED ISCHEMIA 

The concept of mixed ischemia has been vali- 
dated on the clinical level as well. In a survey of 110 
consecutive patients with the diagnosis of stable 
angina, Nesto et alô found that symptoms of mixed 
angina were common in most individuals. Some 
patients were experiencing anginal episodes under 
circumstances that would not typically be expected 
to provoke ischemia. The results suggest individual 
variation in the amount of vasoconstriction and 
responsiveness of the fixed lesion. 

Another important element of this new level of 
understanding is the well-recognized circadian vari- 
ation in both total ischemic activity and silent 
ischemic episodes. The majority of the ischemic 
episodes that occur during the day—as many as 
75% in some studies—are not recognized by pa- 
tients.’ Importantly, the circadian pattern of silent 
ischemia correlates with that associated with nonfa- 
tal myocardial infarction and sudden death.”* 
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These observations have prompted extensive 
research into potentially common mechanisms that 
may underlie these events and increase the risk of 
cardiovascular morbidity and mortality. 


CONVERSION OF CHRONIC LESION TO 
ACTIVE LESION 

The conversion of a chronic stenotic lesion to an 
active lesion can most likely be attributed to 
disruption in the luminal surface of an atheroscle- 
rotic plaque. The probable mechanisms of acute 
myocardial ischemia include rapid progression of 
atherosclerotic lesions, hemorrhage and rupture of 
the atheromatous plaque, subsequent formation of 
intravascular thrombus, and dynamic alterations in 
coronary tone. These alterations range from minor 
vasomotor changes to total spastic occlusion that 
may be caused, in part, by local platelet aggrega- 
tion with the release of vasoactive substances. 

Impairment of vascular endothelial function is 
an important precipitating factor. When the endo- 
thelium is damaged, disruption of normal hor- 
monal balance and coagulation homeostasis may 
lead to thrombosis, spasm, or both. These events 
may occur independently or in combination as the 
disease progresses to acute ischemia. However, 
most events are mixed, resulting from atheroscle- 
rotic obstruction and coronary vasoconstriction. 
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FIGURE 3. Morphologic progression during atherogenesis. (Adapted with permission from Arch Intern Med.5) 
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CONCLUSION 

The traditional concept of myocardial ischemia 
as an imbalance in the supply and demand of 
myocardial oxygen is being modified by an im- 
proved understanding of the various mechanisms 
involved in the disease process. Newer concepts 
recognize the roles of both fixed lesions and vaso- 
motor alterations in producing what is now termed 
mixed ischemia. Significantly, most ischemic events 
will not be perceived by patients, even though such 
events have adverse prognostic implications. 
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DISCUSSION 

Dr. William H. Frishman: Is transient myocar- 
dial ischemia a marker of disease, rather than the 
actual factor responsible for poor prognosis? 

Dr. Peter F. Cohn: Ischemia is unquestionably a 
marker. However, the question of whether isch- 
emia has deleterious effects that might be success- 
fully treated remains unanswered. In one Euro- 
pean study, surgical revascularization in patients 
with 3-vessel disease yielded no benefit over medi- 
cal therapy with regard to prognosis if the individu- 
als had negative exercise tests. Other work has 
shown that B blockers offer no advantage in terms 
of reducing the risk of mortality and in postinfarc- 
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tion patients with negative exercise tests. If the 
exercise test is positive, on the other hand, ß- 
blocker therapy may offer benefit. However, we do 
not know whether this benefit accrues from an 
anti-ischemic effect or another mechanism, such as 
an antiarrhythmic, antiplatelet, or antiatherogenic 
effect. 

Participant: Does ischemia have continuing 
effects on myocardial function? What are the 
potential long-term effects of recurrent ischemia? 

Dr. Cohn: During the 1970s, studies conducted 
at Peter Bent Brigham Hospital in Boston found 
that apparently nonviable myocardium could be 
stimulated by a variety of agents, including epineph- 
rine and postextrasystolic potentiation. These ob- 
servations led to the concept of a chronic ischemic 
state, which has since been termed “hibernation.” 
Therefore, I believe that repeated episodes of 
ischemia may lead to hemodynamic abnormalities 
in some situations. These abnormalities can be 
reversed by treatment of the ischemia. I do not 
believe at this time that we can extrapolate from 
these findings and conclude that repeated ischemic 
episodes will lead to a true cardiomyopathic state, 
although this is theoretically possible. I do, how- 
ever, believe that these episodes lead to a myocar- 
dial state akin to what used to be termed “chronic” 
ischemia. 

Participant: Why are diabetic patients more 
prone to nonrecognition of anginal pain? Is this 
characteristic related to the state of diabetic con- 
trol? 

Dr. Cohn: The lack of perception of anginal pain 
among diabetic patients seems to be most related 
to autonomic dysfunction. Patients with greater 
degrees of parasympathetic autonomic dysfunction 
seem more likely to have diminished pain percep- 
tion. We do not know whether this is related to 
hyperglycemic control. Patients with diabetes can 
develop a cardiomyopathy that is not only a small 
vessel disease, as is most common, but that also 
involves large vessels in some cases. Therefore, it is 
possible that the lack of perception of anginal pain 
in individuals with diabetes can lead to repeated 
episodes of ischemia that can damage the ventricle. 
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New Insights in Measurement of Myocardial 
ischemia 


Carl J. Pepine, MD 





Myocardial ischemia may be defined as myocellu- 
lar dysfunction resulting from hypoxia usually 
due to limited coronary blood flow. The methods 
commonly used to make a diagnosis of myocar- 
dial ischemia employ either clinical findings (e.g., 
angina, myocardial infarction) or signals from 
laboratory tests. Since ischemia is often clini- 
cally silent and since clinical events related to 
ischemia may be catastrophic (i.e., myocardial 
infarction and sudden death), physicians are de- 
pendent on tests using various targeted signals. 
These signals, however, do not actually provide 
quantitative measurements of the degree of isch- 
emia or related myocardial dysfunction. Never- 
theless, the functional abnormalities reflected by 
these signals can identify patients at high or low 
risk for adverse outcomes related to ischemia. 
So, in this sense, these signals can be used to 
support the diagnosis of ischemia as well as eval- 
uate its importance in a given patient. The most 
commonly used signal is an ST-segment shift evi- 
dent on the electrocardiogram (ECG). When this 
is horizontal or downsloping and > 1.0 mm, this is 
often, but not always, due to myocardial isch- 
emia. Although assessment of the exercise- 
stress ECG offers several advantages over as- 
sessment of the resting ECG, the standard Bruce 
protocol is associated with notable shortcomings 
that become apparent when an attempt is made 
to assess the effects of a treatment on the ST- 
segment signal. These might be surmounted by 
use of a continuous ramp-type protocol. Ambula- 
tory ECG monitoring is growing in importance in 
the wake of increasing awareness of the differ- 
ent daily life circumstances that are associated 
with ischemia. In addition, some differences have 
become noticeable when ischemia that occurs 
during exercise testing and ischemia that occurs 
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during daily activities are compared. Results of 
ambulatory ECG studies have underscored the 
importance of tailoring diagnostic procedures 
and therapies to the observed circadian variation 
in myocardial ischemia as well as to daily life ex- 
periences. Assessments of ischemia can also be 
based on a blood flow signal. The one most com- 
monly used is a reversible perfusion defect de- 
tected with injection of certain radionuclides. An- 
other signal is a reversible left ventricular 
regional wall-motion abnormality detected with 
radionuclide angiocardiography, echocardiogra- 
phy, or contrast angiography. At present the in- 
formation gained from these studies is more im- 
portant from the standpoint of risk stratification 
than as a guide to numerically accurate measure- 
ments of myocardial ischemia. 

(Am J Cardiol 1992;70:19G—25G) 


r Nhe diagnosis of myocardial ischemia de- 
pends in theory on the ability to detect and 
measure a specific marker of ischemia. By 

definition, an accurate and specific measurement 
would conform to a numerical standard and be free 
of error. Evaluated against these criteria, all the 
clinical methods used to “diagnose” myocardial 
ischemia have notable limitations. 


LIMITATIONS OF TRADITIONAL APPROACHES 

Clinical events such as angina, myocardial infarc- 
tion, and sudden cardiac death may be used as 
indicators of myocardial ischemia. However, most 
ischemic episodes are clinically silent, and this 
limits the use of angina or myocardial infarction 
alone to make a diagnosis. Further, when clinically 
manifest, myocardial infarction and sudden car- 
diac death are catastrophic; therefore, some form 
of diagnostic testing for ischemia before such 
events occur is highly desirable. 

To this end, coronary angiography has served as 
the reference standard against which diagnostic 
tests for myocardial ischemia have traditionally 
been compared. Unfortunately, coronary angiogra- 
phy can, at best, assess only the anatomy (e.g., size 
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and shape) of the contrast-filled coronary artery 
lumen. This method clearly does not provide either 
a reliable physiologie or functional measurement 
of the adequacy of coronary blood flow, and it does 
not define either the presence or the absence of 
myocardial ischemia. Studies have shown that the 
growth of plaque is associated with atrophy of the 
adjacent media, so that plaque shifts outward 
instead of bulging inward.! This contributes to 
dilation or “compensatory enlargement” of the 
atherosclerotic coronary artery.” Recent studies 
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FIGURE 1. The normal myocardial oxygen supply—demand 
relationship and that seen with myocardial ischemia: As 

mption is increasing (left to right 
on horizontal axis) in respense to increasing demands 
such as those applied by exercise, the limitation in blood 
supply caused by coronary stenosis is exposed, and isch- 
emia results. CBF = coronary blood flow; MVO, = myocar- 
dial oxygen consumption. 
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FIGURE 2. The response to anti-ischemic treatments, in 
theory, can be assessed from the index of myocardial oxy- 
gen demand (rate—pressure product [RPP]) and exercise 
time. If exercise time increases with an increase in RPP, 
then an improvement in coronary blood flow is likely. If 
exercise time increases but RPP is reduced or changed, a 
decrease in myocardial oxygen demand is likely. MVO, = 
myocardial oxygen consumption; CBF = coronary blood 
flow. 


have suggested that plaque area must exceed 40% 
of the original cross-sectional area of a vessel 
before this capacity to preserve lumen size is 
overcome.' So the plaque must be extensive before 
the angiogram will reveal an indication of obstruc- 
tion at any given site. Thus, the coronary angio- 
gram provides a highly limited assessment of coro- 
nary atherosclerosis, in most cases because the 
threshold for detection is relatively high; at best, it 
indicates only whether obstruction may be present. 
More recently, other tests done during coronary 
angiography have shown considerable promise. 
These include acetylcholine stimulation, as a test 
for endothelial dysfunction; intravascular ultra- 
sound to measure lumen size, wall thickness, and 
plaque composition; and intravascular Doppler 
blood flow velocity to measure the maximal flow 
response during vasodilation. These tests, how- 
ever, still do not measure ischemia per se. 

Myocardial ischemia clearly involves more than 
simply epicardial coronary artery stenosis detected 
by angiography or intravascular ultrasound. The 
coronary artery is a continuously functional organ, 
and its diameter, as well as the diameter of its distal 
arterioles, changes in relation to a variety of mental 
and physical stressors and other evocative factors. 
As a result of these limitations, the role of tests 
often used to “measure” myocardial ischemia has 
changed in recent years. Because these tests do not 
actually measure ischemia, however, this role has 
been shifting in emphasis from a diagnostic to 
prognostic use. 

Tests for myocardial ischemia must take advan- 
tage of the physiologic relationship between myo- 
cardial oxygen supply and demand. In most in- 
stances, this relationship does not result in ischemia 
when a patient is examined in either the office or at 
rest in a laboratory setting. However, if a tool (e.g., 
stress during exercise) is used to increase myocar- 
dial oxygen demand and produce ischemia in the 
laboratory, the dysfunction that results as the 
limitation in coronary blood flow (imposed by the 
diseased coronary obstruction) is exposed can be 
detected (Figure 1). The dysfunction thus detected 
can then be measured and used to obtain an index 
of ischemia. Similarly, the effects of potential 
anti-ischemic therapies can be assessed by compar- 
ing responses (e.g., to stress during exercise) be- 
fore and after treatment. The information ob- 
tained can also be used to gain insight into the 
possible mechanisms by which a therapy may 
improve the response (e.g., exercise duration; Fig- 
ure 2) before the onset of ischemic dysfunction. 
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CASCADE OF ISCHEMIA-RELATED EVENTS 

An imbalance in myocardial supply and demand 
evokes a cascade of biochemical and mechanical 
changes within the myocardial segment jeopar- 
dized by the regional limitation in blood flow 
(Figure 1). These changes include inappropriate 
reduction in blood flow to the subendocardial 
region of the jeopardized segment. This limitation 
in blood flow causes changes that are translated to 
a functional signal, most often assessed by the 
ECG. Notably, however, the surface ECG is rela- 
tively insensitive to such ischemia-related changes. 
Recent studies using epicardial ECGs obtained at 
the time of coronary artery occlusion as a result of 
balloon inflation during angioplasty show ST shifts 
when the surface ECG does not.’ Radionuclide 
perfusion studies and wall-motion studies may 
show ischemia-related abnormalities when the sur- 
face ECG remains unchanged. 

The evolution of an ischemic episode, as de- 
scribed before in physiologic terms, leads to any of 
4 possible clinical outcomes, the most common of 
which is resolution of the ischemic episode without 
the patient perceiving its occurrence (about 70- 
80% of all episodes are silent). The next most 
common outcome is the perception of chest discom- 
fort (i.e., angina or one of its equivalents). Myocar- 
dial infarction occurs less often, and ventricular 
arrhythmias and sudden death are infrequent. 
From the foregoing it is apparent that some labora- 
tory signal, other than the actual clinical outcome, 
is highly desirable as a surrogate for the presence 
of ischemia, and it may confirm the diagnosis. 


SIGNALS OF MYOCARDIAL ISCHEMIA 

In general, 1 of 3 methods are employed to 
assess the presence of myocardial ischemia in the 
clinical setting. The most frequently used method 
employs an ECG signal, usually ST-segment shifts, 
which are often—but not always—associated with 
myocardial ischemia. Other approaches involve the 
detection of a regional blood flow signal (usually a 
reversible perfusion defect) or a left ventricular 
regional wall-motion signal (most commonly, revers- 
ible wall-motion abnormalities). 

Electrocardiographic signal: The resting 12- 
lead ECG recording is important in the evaluation 
of ischemia. Findings of old myocardial infarction 
(e.g., Q waves) indicate that severe ischemia must 
have been present in the past. Current ischemia 
cannot be inferred unless serial tracings reveal 
transient ST-segment shifts, which are >1.0 mm 
depression or >2.0 mm elevation, in the absence 
of other causes. Other types of ECG recordings are 


TABLE I Visual Monitoring of the Electrocardiogram (ECG) in 
the Coronary Care Unit Is Not Adequate to Detect Ischemia 


Ischemic Episodes Identified 
(>2.0-mm ST-segment change) 


Analysis Condition n 





Retrospective tape analysis 
Nursing staff—treal time 31 15 
Cardiologist—real time 


Presented with 4 ECG tracings 102 48 
Presented with only 1 ECG tracing 


Based on data from Eur Heart J.’ 


critical care unit monitoring and telemetry. Many 
of the ECG systems used in these areas do not have 
adequate fidelity to allow reliable reproduction of 
the ST segment. Biagini et al? recorded the ECG in 
patients from the coronary care unit and then 
examined the results of analyses done retrospec- 
tively versus in real time (Table I). Even when the 
signal fidelity is adequate, careful visual observa- 
tion in real time by a cardiologist is very limited in 
the identification of transient abnormalities that 
are thought to be related to ischemia. 

In view of these and other shortcomings, tread- 
mill testing in the exercise laboratory is most 
commonly used to assess patients for the presence 
of myocardial ischemia. The treadmill test is an 
evocative stress used to increase myocardial oxygen 
demand in stages. The patient is asked to increase 
the level of external work so that myocardial 
oxygen demand, as reflected in the rate—pressure 
product, increases. Over the past 20 years or so, the 
Bruce protocol has evolved as the standard testing 
method in most laboratories in the United States. 
This protocol is excellent for detecting ischemia- 
related abnormalities in large populations (e.g., 
screening). The response to exercise also can be 
used to infer the possible mechanism by which an 
intervention relieves or prevents ischemia (Figure 
2). Many observers believe, however, that this 
protocol is probably not the most appropriate test 
to use for serial testing in order to assess the effects 
of an intervention in patients with coronary artery 
disease and ischemia. 

The Bruce protocol increases metabolic equiva- 
lents (METs) in relatively steep steps (e.g., approx- 
imately 3 METs; Figure 3). By practical limitation, 
the patient does not usually achieve hemodynamic 
stabilization when exercise duration at a given level 
is <3 minutes. Relatively few patients with symp- 
toms of ischemic heart disease exercise for > 9-10 
minutes using the Bruce protocol. Therefore, the 
difference between stages 2 (from the 4th to the 
end of the 6th minute) and 3 (from the 7th to the 
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FIGURE 3. The hypothetical myocardial oxygen consump- 
tion response to increasing levels of treadmill exercise 
stress. This example illustrates expected responses to 
the Bruce protocol in which 1 stage represents about 3 
metabolic equivalents [METS]. RPP = rate-pressure prod- 
uct; MVO, = myocardial oxygen consumption. 


end of the 9th minute) of the Bruce protocol is 
usually measured. Because the protocol has abrupt 
steps, ischemia is evoked at or shortly after the 
time that the level is changed from stage 1 to 2 or 
from stage 2 to 3. Thus, what should, in theory, be a 
continuous variable (e.g., exercise time) actually 
becomes a discrete variable, because the onset of 
ischemia is forced into a cluster of time about the 
stage change. So this abruptly stepped protocol is 
limited when repeated testing is desirable for 
follow-up or evaluation of the efficacy of anti- 
ischemic therapy. This fact accounts for the re- 
peated observation that clinically apparently effec- 
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tive drug treatment results in very limited increases 
in exercise time (e.g., about 30-50 seconds) when 
the Bruce protocol is used. Ideally, a continuous 
ramp-type protocol should be most helpful to 
spread out the differences in exercise time that may 
exist when smaller increments in myocardial oxy- 
gen demand are used. This would also more closely 
simulate daily life. 

Several nonexercise forms of stress testing have 
also evolved. Atrial pacing as a form of tachycardia 
stress has fallen out of favor in recent years but 
remains useful for the occasional patient who is 
unable to exercise. Catecholamine infusion and 
cold pressor testing are likewise used less often 
than in the past, probably because these ap- 
proaches are time-consuming and have a relatively 
low yield compared with exercise testing. 

More recently, greater attention has focused on 
the link between myocardial ischemia and psycho- 
physiologic evocative factors present in the pa- 
tient’s everyday environment. These so-called men- 
tal or psychologic stressors will probably be used in 
a more structured fashion in the future to evaluate 
myocardial ischemia. 

Ambulatory ECG monitoring is being used 
increasingly to identify ischemia during daily activ- 
ities. In a study of totally asymptomatic individuals 
with severe coronary artery disease, ambulatory 
ECGs showed episodes of marked ST-segment 
depression during daily activity at heart rates well 
below those seen during ST-segment depression on 
exercise treadmill testing. These observations are 
the same as those made by us a number of years 
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FIGURE 4. A revised concept of transient myocardial ischemia. Changes in myocardial oxygen consumption (MVO,,; bro- 
ken line), and coronary blood flow (CBF; heavy line) are shown throughout the day for various daily activities. The CBF 
reserve ceiling (gray line) is variable, dependent on vasoconstriction, platelet aggregation, and other dynamic factors 
operating in a given patient at a given time. As a result, ischemia (shown as shaded areas where MVO, exceeds CBF) oc- 
curs often during the day. (Adapted with permission from Cardiovasc Clin. +°) 
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ago in patients with angina undergoing ambulatory 
ECG monitoring. This indicates that most patients 
with ischemia (either symptomatic or asymptom- 
atic) have their ischemic episodes during daily life 
at lower indices of myocardial oxygen demand than 
those associated with the ischemic episodes that 
occur during exercise testing. 

Several explanations have been proposed for 
the occurrence of ischemia at lower heart rates 
during daily activities. Some observers have sug- 
gested that the relationship between myocardial 
oxygen supply and demand must be influenced by 
factors (i.e., reduced coronary blood flow) in daily 
life that lower the ischemic threshold. As a result, a 
revised concept of transient myocardial ischemia 
has evolved in which the ischemic threshold of any 
patient varies relative to oscillations in coronary 
flow reserve that occur in a circadian fashion 
throughout the day (Figure 4). The coronary flow 
reserve changes in relation to circulating levels of 
catechols, adrenergic activation, and most likely a 
host of other factors that remain to be identified— 
possibly platelet aggregation, smooth muscle activa- 
tion, or transient endothelial dysfunction. Another 
important consideration is myocardial oxygen de- 
mand, which increases when the patient awakens 
in the morning and may exhibit subsequent, addi- 
tional increases in response to external work stress, 
mental stress, emotional states, and exercise. 

The diurnal variation in myocardial ischemia 
has been well documented within the past few 
years. Characteristically, ischemia increases within 
1-2 hours after the patient awakens, peaks be- 
tween about noon and 2 P.M., then declines slowly 







FIGURE 5. The effect of the 1991 
iraqi missile attacks on the inci- 
dence of acute myocardial infarc- 
tion (MI) among Israeli civilians. 
Note the increase in Mis during 
January 8—25, 1991, compared 
with Mis during January 8—25, 
1990. (Adapted with permission 
from Lancet.’) 
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throughout the remainder of the day. Some debate 
has centered on the question whether a secondary 
peak occurs during the very late afternoon and 
early evening or whether the observed changes in 
some patients are simply manifestations of a lower 
rate of decline of the peak activity. Although a 
small minority of patients have nocturnal ischemia, 
the level of ischemic activity usually remains low 
during the hours of sleep. 

Any tool used to diagnose myocardial ischemia 
should take advantage of this circadian variation. It 
would be most fruitful to attempt to detect isch- 
emia during the peak hours. Correspondingly, 
therapeutic regimens should be tailored so that the 
effects of anti-ischemic drugs are optimal during 
this time. 

Endothelial dysfunction may be an important 
factor in the pathogenesis of ischemia experienced 
during daily activities. Clearly, damage to the 
coronary artery endothelium seems to precede the 
cascade of events leading to ischemia in daily life. 
The endothelium then becomes mechanically, bio- 
chemically, and physiologically dysfunctional. These 
changes result in lesser degrees of coronary dila- 
tion and even inappropriate constriction and loss 
of metabolic function, leading to a destabilized 
plaque, an increased tendency toward plaque rup- 
ture or disruption, and an increased risk of intramu- 
ral hemorrhage, mural thrombus, and occlusive 
thrombus. 

Psychophysiologic stress is a notable feature of 
the relationship between myocardial ischemia and 
the patient’s daily environment. This association 
has long been recognized and was recently illus- 
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TABLE II Accuracy of Exercise Electrocardiogram (ECG) and 
Thallium-201 Scintigraphy Results in Predicting Coronary 
Events in Asymptomatic Patients 


Results (%) 


Concordant 


Descriptor ECG Thallium-201 Positive* 


Sensitivity 

Specificity 

Positive predictive value 

Negative predictive value 

*Any combination of ECG and thallium-201 findings other than positivity on both 


tests is considered a negative result. 
Adapted with permission from Circulation.® 





trated by a report from a Tel Aviv hospital where 
the incidence of myocardial infarction and sudden 
death among Israeli civilians was noted to have 
increased 2- to 3-fold at the times of Iraqi missile 
attacks during the 1991 war in the Persian Gulf 
(Figure 5).’ 

Blood flow signal: The assessment of myocar- 
dial ischemia can also move away from the ECG 
and analysis of endpoints such as myocardial infarc- 
tion toward assessments based on a blood flow 
signal. Thallium-201 perfusion scans can be done 
during a variety of stresses. The use of dipyridam- 
ole-stress thallium-201 perfusion testing is popu- 
lar. Recently, this may have decreased in response 
to the widespread availability of adenosine, which 
is now a common pharmacologic “stress” agent 
used in the laboratory evaluation of patients with 
suspected myocardial ischemia. The assessments 
can take the form of either planar or single photon 
emission computed tomographic (SPECT) studies. 
The newer technetium-99m imaging agents can be 
used both at rest and during stress testing, as can 
positron emission tomography (PET). A recent 
report has shown that the sensitivity of the thallium 
signal is extremely low, compared with the exercise 
ECG signal, in totally asymptomatic but high-risk 
individuals. However, the negative predictive value 
of thallium-201 scintigraphy is extremely high (Ta- 
ble II). This noninvasive study therefore offers 
high specificity when combined with the exercise 
ECG signal for the exclusion of patients with 
important coronary artery obstruction and isch- 
emia, but it remains relatively insensitive in the 
detection of those who may experience ischemic 
events. 

Left ventricular wall-motion signal: Another 
modality used for assessing myocardial ischemia 
involves detection of the left ventricular regional 
wall-motion signal. This can be determined by 
radionuclide ventriculography performed at rest 
and during stress. Most often, this is done from an 


analysis using the multiple equilibrium-gated im- 
age acquisition method during a technetium-99m 
pertechnetate study. The other method used is the 
first-pass technique. Echocardiography is increas- 
ingly used to detect regional wall-motion abnormal- 
ities at rest and during stress in order to evaluate 
ischemia. Dobutamine stress echocardiography has 
recently attracted attention.4 Another time-hon- 
ored method for left ventricular wall-motion analy- 
sis that may be used at rest and during stress is 
contrast angiography. Here, the response to nitro- 
glycerin can be used as an indication of relief of 
ischemia-related dysfunction.’ 


CONCLUSION 

The methods now used to support the diagnosis 
of myocardial ischemia assume that the targeted 
signals can serve as measurements of ischemia. In 
the true sense, however, none of these approaches 
actually measures myocardial ischemia, and the 
findings cannot be precisely quantified. Nonethe- 
less, the functional abnormalities identified by 
these techniques can be used for classification of 
patients into high- and low-risk subgroups. In a 
sense, then, these tests help to support the diagno- 
sis of ischemia rather than make the diagnosis 
itself. At this time, it is more important to obtain 
these measurements for the purpose of stratifying 
risk and determining prognosis than to attempt to 
measure ischemia with numerical accuracy. 
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DISCUSSION 

Dr. Wiliam H. Frishman: If a patient has a 
positive electrocardiographic (ECG) response to 
exercise, without pain, and is in a high-risk cate- 
gory, what test should be performed next? 

Dr. Cari J. Pepine: In our institution, we usually 
proceed to coronary angiography, but the individ- 
ual characteristics must be considered. Coronary 
angiography might not be advisable in an 80-year- 
old patient, for instance, although no precise age 
limits should be set. In general, however, if the 
stress test indicates the presence of high risk, 
regardless of symptoms, a definitive test is needed 
to exclude the presence of severe coronary artery 
disease, such as left main or 3-vessel obstruction. 

Participant: Traditionally, the time to ischemia 
on exercise testing has been used as a method of 
evaluating the efficacy of pharmacologic therapy in 
the prevention or treatment of the disorder. Some- 
times, even a 30-40-second increase in exercise 
time is cited as evidence of a prominent anti- 


ischemic effect of a medication. Can one expect 
this effect to be reproducible in the chronic situa- 
tion, in light of the host of factors that influence the 
time to ischemia? 

Dr. Pepine: Many studies of antianginal agents 
have used patients who were able to perform 2 
exercise tests in which the difference in durations 
was within 10-15%. The reason for 10-15% is 
difficult to determine. Unfortunately, only an ex- 
tremely small subset of patients with abnormal 
exercise test responses and coronary artery disease 
have reproducible (within 15%) exercise tests. This 
is one of the reasons I have advocated revising the 
standard exercise (Bruce) protocol to eliminate 
abrupt increases in METs and, I hope, produce 
more reproducible tests. Also, there are numerous 
environmental and psychophysiologic factors oper- 
ative in these patients, and it may be unrealistic to 
expect any exercise protocol to control for variabil- 
ity caused by all of these factors. 
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Treatment of Chronic Stable Angina Pectoris 


Richard Gorlin, MD 


Patients with angina pectoris may be stratified 


into low- or high-risk categories on the basis of 
clinical findings and a careful workup, possibly 
including nuclear imaging of stress-induced ab- 
normal perfusion or contractile patterns and cor- 
onary angiography. High-risk patients may re- 
quire revascularization by angioplasty or bypass 
surgery, whereas low-risk patients can be man- 
aged medically. it is important to consider the 
impact of various anti-ischemic drugs on the 
myocardial demand—supply equation. A recent 
study indicated that the combination of a B 
blocker plus isosorbide mononitrate is more ef- 
fective in increasing exercise duration than is 
either the combination of a 8 blocker and a cal- 
cium antagonist or triple therapy. In patients with 
single-vessel disease, angioplasty has been 
shown to be more effective than medical therapy 
in relieving symptoms, but the incidence of re- 
stenosis and the associated costs are high. Sur- 
gery favorably affects mortality in patients with 
left main coronary artery disease or 3-vessel dis- 
ease with left ventricular impairment. New evi- 
dence suggests that endothelial dysfunction may 
play a more important role in chronic stable an- 
gina pectoris than has been appreciated and that 
such dysfunction may be treated with nitrates. 
(Am J Cardiol 1992;70:26G—31G) 
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he key to therapeutic decision-making in 
| chronic stable angina pectoris is risk stratifi- 
cation (Figure 1). Management begins with 
identification of factors that may precipitate or 
exacerbate myocardial ischemia by increasing myo- 
cardial oxygen demand, including, but not limited 
to, obesity, smoking, hypertension, anemia, and 
thyrotoxicosis. The presence or absence on nonin- 
vasive testing of such signs as ST-T changes at a low 
level of exercise, inappropriate blood pressure- 
heart rate responses to exercise, large or multiple 
transient perfusion deficits, or left ventricular (LV) 
dysfunction helps to distinguish low-risk patients, 
who should most often receive medical therapy, 
from high-risk patients, who should undergo coro- 
nary angiography. Coronary angiography permits 
delineation of the subset of patients who are 
candidates for revascularization by percutaneous 
transluminal coronary angioplasty (PTCA) or coro- 
nary artery bypass grafting. In the absence of such 
high-risk angiographic findings as left main coro- 
nary artery disease (CAD) or 3-vessel disease 
(especially with LV dysfunction), a trial of medical 
therapy is indicated. As shown in the algorithm in 
Figure 1, if medical treatment fails or is not 
tolerated, revascularization must be considered; 
conversely, if the patient becomes symptomatic 
following revascularization, medical therapy again 
becomes an option. 


MEDICAL THERAPY 

An imbalance between myocardial energy de- 
mands and coronary flow will give rise to the 
metabolic, electrophysiologic, and mechanical ab- 
errations that culminate in ischemia. When select- 
ing a therapeutic intervention for the patient with 
angina, a key consideration is how that interven- 
tion will affect the determinants of demand (cardi- 
ac contractility, heart rate, and wall stress) on the 
one hand and the determinants of supply (perfu- 
sion pressure and coronary vascular resistance) on 
the other. 

Mechanisms of action: Nitrates, B blockers, 
and calcium antagonists represent the cornerstone 
of medical therapy for angina pectoris. The ni- 
trates are unique as vasodilators in that they not 
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only dilate the arteries and arterioles, but also 
selectively induce venous dilation. The effects on 
large arteries are most profound in the coronary 
vessels, especially at sites of stenosis. Nitrates 
decrease myocardial oxygen demand primarily by 
diminishing preload. In addition, nitrates exert 
mild secondary effects on contractility and heart 
rate via stimulation of the sympathetic nervous 
system, concomitant with a fall in blood pressure. 
Beta blockers act by reducing contractility, heart 
rate, and blood pressure, particularly in response 
to any sympathetically modulated stress, and to 
some extent by redistributing blood flow across the 
myocardial wall. Calcium antagonists exert a pro- 
found vasodilatory effect on both peripheral and 
coronary resistance vessels and, in the process, 
reduce afterload. 

Optimizing therapy: Successful antianginal ther- 
apy depends on objective measurement of drug 
activity, coupled with selection of a dose, route of 
administration, and dosing interval that will maxi- 
mize efficacy and patient convenience and mini- 
mize adverse effects and tolerance. 

With nitrates, for example, measuring the pa- 
tient’s blood pressure should indicate whether 
adequate vasodilation has been achieved. How- 
ever, attention to the dosing interval is particularly 
important to avoid the development of tolerance. 
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With B blockers, a decrease in heart rate is the 
simplest marker of drug activity. It is interesting to 
note that, during B blockade, cardiac output and 
heart rate do rise in response to exercise but 
usually to a level below that achieved without ß 
blockade.! In patients who experience side effects 
with B blockade, the severity of the reaction must 
be weighed against the cardioprotective actions of 
these agents. 

Since the blood pressure response to calcium 
antagonists may be muted, recognition of activity 
can be difficult unless a patient was originally 
hypertensive or develops orthostatic hypotension. 
Dosing convenience had been a problem with these 
agents until recently, when many sustained release 
preparations became available. 

Combination therapy: Since some anti-isch- 
emic agents may have complementary modes of 
action, combination therapy may be useful in 
relieving ischemia and pain. However, current 
strategies emphasize that double therapy is often 
as effective as triple therapy. 

In a recent double-blind crossover trial by Akhras 
and Jackson,’ patients with stable angina pectoris 
were randomized to receive atenolol alone, ateno- 
lol plus nifedipine, atenolol plus isosorbide mono- 
nitrate, or all 3 drugs. The number of angina 
attacks and consumption of nitroglycerin were 
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EEE A: Aeria SOONTETA patients with coronary artery disease. BP = blood pressure; 


CABG = coronary a 


grafting; ETT = exercise tolerance test; HR = heart rate; LMCAD = left main 
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be lage gaan LVEF = left ventricular ejection fraction; LVF = left ventricular failure; MI = myocardial infarction; 
= percutaneous transluminal coronary angioplasty; 3VD = 3-vessel disease. 
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comparable with all 4 regimens. The study’s only 
significant finding was a longer duration of exercise 
in patients who received the B blocker plus isosor- 
bide mononitrate compared with patients taking 
the B blocker alone or with the calcium antagonist. 
Triple therapy conferred no advantage with regard 
to either exercise testimg or clinical effects. 

Our approach is to treat stable angina pectoris 
patients with combination therapy comprising a B 
blocker and a vasodilator. The B blocker is pre- 
scribed for its salutary hemodynamic and cardiopro- 
tective actions. A nitrate vasodilator is preferable, 
both for empirical reasons and because the nitrates 
cause release of nitric oxide, which enhances the 
impaired coronary vasodilator response seen in the 
presence of atherosclerosis. 


REVASCULARIZATION 

If medical treatment is ineffective or is not 
tolerated, revascularization by PTCA or bypass 
grafting must be considered. 

Angioplasty: Although angioplasty allows revas- 
cularization to be achieved nonsurgically, a major 
drawback is the high rate of restenosis following 
the procedure. Angioplasty is initially successful in 
approximately 87% of patients. Within a year, 
however, nearly a third of these patients will 
require a second procedure, the success rate of 
which is closer to 70%. Thus, the overall outcome 
is satisfactory in about 80% of patients 1 year after 
angioplasty.’ 

Until recently, it was unclear whether patients 
with single-vessel disease and stable angina pecto- 
ris benefited more from medical therapy or from 
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angioplasty. The Veterans Affairs’ Angioplasty 
Compared to Medicine (ACME) study has just 
shown that PTCA is somewhat more effective in 
relieving angina and improving exercise perfor- 
mance in patients who have exercise-induced isch- 
emia and > 70% stenosis of 1 epicardial artery.‘ Six 
months after random assignment to angioplasty or 
medical therapy, 64% of the patients who under- 
went angioplasty were free of symptoms, compared 
with 46% of patients in the medical therapy group 
(Figure 2). PTCA increased the total duration of 
exercise by >2 minutes, whereas medical therapy 
increased it by only 0.5 minute. Patients in the 
PTCA group were able to exercise significantly 
longer without developing angina than were medi- 
cally treated patients. Moreover, patients who 
underwent angioplasty experienced 15 fewer an- 
gina attacks per month, compared with a decrease 
of only 7 attacks per month in the medical therapy 
group. Myocardial infarction occurred in 5 patients 
assigned to PTCA and in 3 with medical therapy. 
However, PTCA was successful in only 80 of the 
patients. Two of these represent emergency bypass 
surgery, 16 represent repeat PTCA. PTCA also 
proved to be the more costly of the 2 treatment 
approaches because of the need for emergency 
coronary artery bypass surgery and because of the 
incidence of repeat dilation following restenosis. 
Employment status was not altered. 

Surgery: If an overall reduction in mortality is a 
goal of management of coronary artery disease, 
then patients must be substratified before an appro- 
priate therapy can be selected. For example, there 
is no doubt that surgery improves survival in 


disease in the Veterans Affairs 
ACME trial. Numbers below bars 
are number of patients evalu- 
ated. Base = baseline. 
(Adapted with permission from 
N Engl J Med.*) 
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patients with left main CAD, where the obstruc- 
tion jeopardizes virtually the entire left ventricle. It 
was shown almost 2 decades ago that 42-month 
survival is nearly 90% in surgically treated patients 
with left main disease but only 30% in their 
medically treated counterparts.° 

The Coronary Artery Surgery Study (CASS), a 
randomized trial of 780 patients, demonstrated 
comparable 5-year survival rates with medical and 
surgical therapy in patients with stable ischemic 
heart disease. However, in patients with a subnor- 
mal ejection fraction (<50%), surgery proved 
superior to medical therapy in prolonging life 
(Figure 3).° When the CASS investigators analyzed 
quality of life rather than survival, they found that 
surgery relieved pain and improved functional 
status better than medical therapy but had no 
effect on employment status.’ 

In contrast, the European Coronary Surgery 
Study group? concluded that surgery was the treat- 
ment of choice in patients with good LV function 
and either 3-vessel disease or stenosis of the 
proximal third of the left anterior descending 
artery. According to the results of this prospective 
randomized trial, independent predictors of a bet- 
ter outcome with surgery were such risk factors as 
an abnormal resting electrocardiogram, > 1.5 mm 
ST-segment depression during exercise, and the 
presence of concomitant peripheral arterial dis- 
ease. The European investigators recommended 
that patients with these risk factors undergo sur- 
gery even if angina responds satisfactorily to medi- 
cal therapy. 

It should be noted that only about 60% of 
saphenous vein grafts remain patent 10-12 years 
after surgery.” Graft patency rates have been re- 


ported to decrease within the first year following 
surgery, then to remain relatively constant until 
years 5-7, after which time another drop in patency 
rate can be documented. Although atherosclerosis 
progressed in all native coronary arteries, the rate 
of progression was greater in arteries with oc- 
cluded grafts than in coronary arteries either with 
patent grafts or without any grafts. Progression of 
atherosclerosis has generally been found to be 
associated with deterioration in LV function as 
well. 

LV function also has a significant impact on 
long-term survival after coronary bypass surgery, 
both with and without internal mammary artery 
grafting. In patients who underwent internal mam- 
mary artery grafting, 10-year survival was 88% in 
patients with good LV function but only 77% in 
patients with poor LV function. In patients who 
did not undergo internal mammary artery grafting, 
10-year survival was 79% in patients with no or 
mild LV impairment but plummeted to 60% in 
those with moderate or severe impairment."” 

Many patients who undergo surgery ultimately 
return to medical therapy. In the European Coro- 
nary Surgery Study, the proportion of surgically 
treated patients taking B blockers increased from 
20% 1 year after surgery to approximately 37% 
after 5 years. Parallel changes in the need for 
nitrate treatment were observed over 5 years of 
follow-up. These data, taken together with similar 
findings from the CASS study,’ indicate that, over 
the long term, combination medical therapy be- 
comes the rule in bypass surgery patients. 

To summarize the indications for surgical ther- 
apy, surgery may favorably affect the prognosis in 
patients with left main CAD, 3-vessel disease, 
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FIGURE 3. Ejection fraction and 5-year cumulative survival in patients with mild-to-moderate angina in the medical and 
surgical subgroups of the Coronary Artery Surgery Study (CASS). (Adapted with permission from Circulation.®) 
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especially with impaired LV function, or if medical 
therapy is ineffective or not tolerated. 
Group | 


ROLE OF ENDOTHELIAL DYSFUNCTION IN 
CHRONIC STABLE ANGINA 

Endothelial dysfunction may play a more impor- 
tant role in chronic stable angina than has been 
appreciated. New evidence suggests that measur- 
able abnormalities in endothelial vasoactive func- 
tion may precede the development of angiographi- 
cally detectable atherosclerotic lesions (Figure 4). 
According to a recent report, the coronary vasodi- 
lator response to 3 different endothelium-medi- 
ated stimuli (intracoronary acetylcholine, in- 
creased blood flow to induce flow-dependent 
dilation, and sympathetic stimulation by cold pres- 
sor testing) differed in patients with different 
stages of atherosclerosis.'' Subjects with normal 
coronary arteries and no risk factors (group I) 
showed vasodilation in response to all 3 stimuli, 
whereas those who had angiographically normal 
coronary arteries but were hypercholesterolemic 
Group III (group II) showed a vasoconstrictor response to 
acetylcholine (Figure 4). Smooth coronary artery 
segments in patients with evidence of disease 
elsewhere in the coronary system dilated with 
increased flow but constricted in response to acetyl- 
choline and cold pressor testing, whereas coronary 
artery segments with luminal irregularities con- 
stricted in response to all 3 endothelium-depen- 
dent vasodilator stimuli. Nitroglycerin, which acts 
directly on vascular smooth muscle, induced dila- 
tion in all of these coronary segments, regardless of 
the stage of atherosclerosis (Figure 4). These 
findings suggest the potential utility of the nitrates 
in compensating for dysfunctional endothelium in 
atherosclerosis, and perhaps even in patients with 
hypercholesterolemia. 
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Group IV 


CONCLUSION 

Medical therapy represents the preferred treat- 
ment strategy for low-risk patients with chronic 
stable angina. In addition, a sizable proportion of 
patients who undergo revascularization by PTCA 
FIGURE 4. Change from baseline values (CT,, CT,, CT,) in or bypass grafting eventually return to medical 
coronary artery (CA) luminal area in response to increased therapy, With combination therapy, complemen- 
testing (C concentrations of acetyicholine tary drug actions can be harnessed to relieve pain 


(CPT) l T 
(AC1, 10-8 M; AC2, 10-7 M; AC3, 10-° M), and nitroglycerin and ischemia. The most advantageous combination 
(NTG). Group | = smooth coronary arteries plus absence 





| of risk factors for coronary artery decase, plus hyper- would appear to be a B blocker, for its hemo- 
cholesterolemia (group Il), or plus evidence of athero- dynamic and cardioprotective actions, coupled 
sclerosis elsewhere in the coronary system (group Ill). with a nitrate, for its multilevel vasodilating ac- 
cel caution AV o sia ae sirg Rec tions, and for its ability to compensate for endothe- 
Circulation.**) lial dysfunction. 
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DISCUSSION 

Participant: As a family physician, I am inter- 
ested in your views on nonpharmacologic ap- 
proaches to the treatment of stable angina pecto- 
ris, utilizing stress management, nutritional 


counseling, and an appropriate exercise program. 
Dr. Richard Gorlin: I think these approaches are 


SOP ad aa tE 


all important. Nutritional counseling to reduce 
low-density lipoprotein levels may be desirable, 
although I would be curious to see the actual 
results obtained with such counseling. I advocate 
eating fish and perhaps even taking fish oil, since 
Selwyn’s group has shown that fish oil can reverse 
endothelial dysfunction. The evidence is also quite 
clear that mental stress can reduce the caliber of 
the coronary arteries in patients with established 
coronary disease. Thus, stress modification is €x- 
tremely important, if it can be achieved. The 
dangers of smoking are so great and so well 
recognized that it is hardly necessary to discuss the 
importance of stopping. Some authorities believe 
that a regular exercise program is helpful, but the 
most important aspect, I believe, is for the patient 
to remain physically active. One way to achieve this 
is through planned walking 3—4 times a week. 

Participant: You discussed the effects of ß 
blockade on the heart rate and cardiac output 
responses to exercise. Is it necessary to discontinue 
a B blocker before exercise testing? 

Dr. Gorlin: If the purpose of the exercise test is 
to evaluate the efficacy of medical therapy, the test 
should be performed with the patient on therapy, 
preferably at the nadir of drug effect just before the 
patient is due to take the next dose. In contrast, an 
exercise test ordered for diagnostic reasons or for 
late assessment of surgical results should be per- 
formed with the patient off therapy. Gradual wean- 
ing from the B blocker is necessary to avoid the 
possibility of rebound. 
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Treatment of Unstable Angina Pectoris 


Gary Gerstenblith, mp 





Unstable angina pectoris may be manifested as 
new-onset angina, a change in the anginal pat- 
tern, pain at rest with associated electrocardio- 
graphic (ECG) changes, or postinfarction angina. 
Of these, pain at rest with ischemic ECG changes 
is known to be associated with the poorest prog- 
nosis. The pathogenesis of unstable angina pec- 
toris involves a combination of a fixed athero- 
sclerotic obstruction and a dynamic component 
related to coronary vasoconstriction, thrombus 
formation, or both. Long-acting nitrates, inhibi- 
tors of platelet aggregation, 8 blockers, and cal- 
cium antagonists are among the agents that 
have been shown to be effective in the medical 
management of unstable angina. A study now in 
progress is evaluating the routine use of throm- 
bolytic therapy for this indication. Although allevi- 
ation of symptoms and prevention of death and 
myocardial infarction are important therapeutic 
goals, the overall efficacy of a particular medical 
therapy can best be assessed by objective evalu- 
ation of its ability to control ischemia, using such 
techniques as exercise scintigraphy and ambula- 
tory ECG monitoring. Cardiac catheterization and 
revascularization are indicated for patients with 
unstable angina who continue to experience 
symptoms or who show evidence of silent isch- 
emia despite medical therapy. A study is under 
way to determine the advisability of routine re- 
vascularization of such patients. Revasculariza- 
tion will provide symptomatic relief in most pa- 
tients with unstable angina and may prolong 
survival and improve left ventricular function in 
certain subsets. 

(Am J Cardiol 1992;70:32G—37G) 
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| nstable angina pectoris may be defined as 

new-onset angina, a change in the pattern 

of preexisting angina, pain at rest accom- 
panied by ischemic electrocardiographic (ECG) 
changes, or postinfarction angina. Of these various 
forms, pain at rest with ECG changes is known to 
be associated with the poorest prognosis, as first 
noted by Gazes et al in 1973.! In their 10-year 
follow-up study of 140 patients, those with prior 
stable angina who subsequently experienced rest 
pain with ECG changes during hospitalization had 
the highest mortality. Similar observations were 
later made by other investigators. 


PATHOPHYSIOLOGIC FEATURES OF UNSTABLE 
ANGINA PECTORIS 

In contrast to stable angina pectoris, which is 
attributable primarily to an increase in myocardial 
oxygen demand in the setting of a fixed atheroscle- 
rotic obstruction, unstable angina pectoris is most 
often characterized by dynamic coronary obstruc- 
tion superimposed on a fixed atherosclerotic le- 
sion. Cardiac catheterization studies of patients 
with unstable angina have demonstrated fixed ath- 
erosclerotic disease in > 90%. There is also substan- 
tial evidence to support the involvement of dy- 
namic vasoconstrictive and thrombotic mechanisms 
that become activated following the fissuring or 
disruption of atherosclerotic plaque. 

The role of coronary vasospasm in the pathogen- 
esis of unstable angina is suggested by the findings 
of hemodynamic, ECG, and angiographic studies 
conducted by Maseri et al.* Transient vasospastic 
episodes may be caused by platelet-dependent or 
thrombin-dependent vasoconstriction precipitated 
by deep arterial damage or plaque disruption. 
Even mild endothelial dysfunction may lead to 
vasoconstriction by promoting the release by endo- 
thelial cells of physiologic mediators of vasoconstric- 
tion, such as endothelin-1, or inhibiting the release 
of vasorelaxant factors, such as prostacyclin and 
endothelium-derived relaxing factor. 

Intraluminal thrombus formation resulting from 
platelet adhesion and aggregation at the site of 
plaque disruption is another important factor in 
the pathogenesis of unstable angina. Platelet aggre- 
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gation is known to be enhanced by certain systemic 
factors, such as elevated circulating catecholamine 
levels, hypercholesterolemia, and impaired fibrino- 
lysis, which may be manifested by increased serum 
concentrations of lipoprotein(a) and plasminogen 
activator inhibitor type 1. Evidence for the involve- 
ment of this latter factor is provided by the findings 
of Zalewski et al,* who compared fibrinolytic activ- 
ity in patients with unstable angina with that in 
patients with stable exertional angina and control 
subjects with normal coronary arteries. Although 
tissue-type plasminogen activator activity was com- 
parable in the 3 groups, plasminogen activator 
inhibitor type 1 activity was significantly higher in 
patients with unstable angina than in those with 
stable angina or controls (Figure 1). 


MEDICAL THERAPY FOR UNSTABLE 
ANGINA PECTORIS 

Initial steps in the acute medical management 
of patients with unstable angina pectoris include 
admission to the coronary care unit, recognition 
and reversal of any precipitating factors (such as 
anemia, fever, and arrhythmias), and institution of 
full anticoagulation. The efficacy of heparin in the 
management of unstable angina was documented 
in a randomized, double-blind, placebo-controlled 
study published by Théroux et al in 1988.° The 118 
patients with acute unstable angina who were 
randomly assigned to receive 1,000 U/hr of intrave- 
nous heparin had a significantly lower incidence of 
myocardial infarction (MI) and refractory angina 
than the 118 who received placebo. The 121 pa- 
tients treated with aspirin 325 mg twice daily also 
had a significantly lower incidence of MI compared 
with those given placebo. The protective effect of 
the combination of aspirin and heparin in this 
patient population was no greater than that of 
heparin alone. A subsequent follow-up study 
showed a significant incidence of recurrent isch- 
emia when heparin was withdrawn in those pa- 
tients not receiving aspirin.® 

A number of agents have been shown to be 
beneficial in the long-term management of unsta- 
ble angina pectoris. Among these are nitrates, 
whose effectiveness in the treatment of unstable 
angina is well documented. Nitrates decrease myo- 
cardial oxygen demand by reducing both preload 
and afterload, improve myocardial oxygen supply, 
favor the redistribution of coronary flow to isch- 
emic areas, and prevent vasoconstriction. Nitrates 
also possess antiplatelet activity and exert favor- 
able effects on the coronary endothelium. 

At one time, the role of B blockers in the 


treatment of unstable angina pectoris was a contro- 
versial issue. Among the reasons for this contro- 
versy was a report by Robertson et al’ of the 
prolongation of anginal episodes in patients with 
pure vasotonic angina treated with propranolol 
alone, an effect possibly related to unopposed 
a-induced coronary vasoconstriction. Most pa- 
tients with unstable angina, however, do not have | 
pure vasotonic angina. Furthermore, B blockers 
are seldom used as monotherapy in these patients 
but are more likely to be added to a regimen that 
also includes nitrates and calcium antagonists. 
When used in such combination therapy, B block- 
ers can be beneficial. For example, in 1 random- 
ized, double-blind, placebo-controlled trial, treat- 
ment with a combination of a B blocker, a calcium 
antagonist, and a long-acting nitrate significantly 
reduced the number and duration of symptomatic 
and silent ischemic episodes (Figure 2) and nitro- 
glycerin consumption, compared with drug regi- 
mens that did not include a B blocker.® 

In addition, the ultrashort-acting B blocker 
esmolol has now been shown to be very useful in 
patients with acute myocardial ischemia and mod- 
erate left ventricular (LV) dysfunction undergoing 
treatment in the coronary care unit. Patients treated 
with esmolol have demonstrated rapid reductions 
in arterial pressure, heart rate, and the rate- 
pressure product.’ Because esmolol has an elimina- 
tion half-life of only about 9 minutes, the hemody- 
namic effects of the drug are rapidly lost following 
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FIGURE 1. Plasminogen-activator inhibitor type 1 (PAI-1) 
levels in patients with stable and unstable angina. 

AU = arbitrary units. *p <0.02. (Adapted with permission 
from Circulation.*) 
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its discontinuation, making it particularly appropri- 
ate for use in patients with possible contraindica- 
tions to B blocker therapy. 

Calcium antagonists represent another medical 
approach to the management of unstable angina 
pectoris. These agents have been shown to de- 
crease the number and duration of episodes of 
unstable angina and to reduce the need for bypass 
surgery. In 1 double-blind, placebo-controlled trial, 
fewer therapeutic failures, defined as sudden death, 
MI, or bypass surgery, occurred among patients 
who received nifedipine in addition to conven- 
tional therapy with a B blocker and nitrates than 
among those who received placebo along with 
conventional therapy.'? This beneficial effect was 
especially marked in patients with ST-segment 
elevation during angina. 

As previously mentioned, platelet aggregation is 
among the mechanisms responsible for the dy- 
namic coronary obstruction that contributes to the 
pathogenesis of unstable angina. For this reason, 
thrombolytic therapy has been suggested as a 
possible treatment for this disorder. The small 
studies conducted to date to evaluate the efficacy 
of thrombolytic therapy in the management of 
unstable angina pectoris suggest that thrombolysis 
may be of benefit in patients with a coronary 
thrombus. Gold et al,'! for example, reported that 
unstable angina persisted in 6 of 11 patients who 
received conventional therapy and placebo but in 
only 1 of 12 patients treated with a 12-hour 
infusion of 1.75 mg/kg of recombinant human 
tissue-type plasminogen activator in addition to 
conventional therapy. 

The third Thrombolysis in Myocardial Ischemia 
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(TIMI III) trial, now under way at many hospitals 
in the United States and Canada, should provide 
additional information regarding the value of 
thrombolytic therapy in the management of unsta- 
ble angina. Specific issues being addressed in TIMI 
III include the effect of thrombolytic therapy on 
coronary flow and stenosis in unstable angina, 
which is being assessed by coronary angiography at 
18 and 48 hours post-treatment, and the impact of 
cardiac catheterization and revascularization on 
outcome in patients with unstable angina. 

The benefits of long-term aspirin therapy in 
patients with unstable angina were demonstrated 
in a 12-week Veterans Administration cooperative 
study by Lewis et al.!? Death or MI occurred in 31 
of the 625 study participants who were assigned to 
aspirin therapy and in 65 of the 641 who received 
placebo. This difference was statistically significant 
and represented a 51% reduction in the cardiac 
event rate in the aspirin treatment group. Similar 
findings were reported in a Canadian multicenter 
trial in which patients were followed for up to 2 
years.!? Again, the rate of cardiac death or nonfatal 
MI in the aspirin group (8.6%) was half that in the 
placebo group (17%). 


EVALUATING THE EFFICACY OF MEDICAL 
REGIMENS FOR UNSTABLE ANGINA PECTORIS 
Relief of disabling symptoms, prevention of MI 
and death, and control of ischemic activity are 
among the indicators that have been suggested for 
evaluating the efficacy of medical therapy among 
patients with unstable angina pectoris. Although 
subjective symptomatic relief is important, control 
of symptoms alone is an insufficient indicator of 


FIGURE 2. Number and duration 
of ischemic episodes (by conti- 
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anti-ischemic activity. The assessment of the re- 
sponse of patients with unstable angina to medical 
therapy should center on objective techniques for 
measuring the severity of ischemic activity in an 
individual patient. 

Exercise testing is one of these objective meth- 
ods for evaluating the anti-ischemic effect of medi- 
cal therapy in patients with apparent symptomatic 
relief. Evidence reported by Brown" indicates that 
exercise testing plus thallium-201 perfusion imag- 
ing is highly predictive of outcome in patients with 
unstable angina whose symptoms resolve with phar- 
macologic treatment. During a mean follow-up of 
39 + 11 months, cardiac death or nonfatal MI 
occurred in 6 (26%) of 23 patients with thallium- 
201 perfusion defects that showed redistribution, 
representing jeopardized viable myocardium, com- 
pared with no deaths and only 1 MI among 29 
patients with either a fixed perfusion defect or no 
perfusion abnormalities. Overall cardiac events, 
which included hospitalization for recurrent an- 
gina or revascularization as well as cardiac death 
and nonfatal MI, occurred in 16 (70%) of the 
patients with thallium-201 redistribution com- 
pared with 4 (29%) of the 14 with a fixed defect and 
3 (20%) of the 15 with normal findings. The risk of 
cardiac events in patients with evidence of thallium- 
201 redistribution increased as the number of 
myocardial segments showing redistribution in- 
creased. The author concluded that the presence 
of thallium-201 redistribution in these patients was 
associated with a high risk of cardiac events, 
whereas its absence was linked with a low risk. 

Ambulatory monitoring has also been used to 
assess the degree of ischemic activity in medically 
treated patients with unstable angina. Continuous 
ECG monitoring in a series of 70 patients with 
unstable angina whose symptoms were controlled 
with aggressive medical therapy in the intensive 
care unit indicated continued episodes of ischemia 
despite the absence of symptoms in 37.'° During 
the month following ambulatory monitoring, 6 of 
these patients developed MI, and 10 required 
bypass surgery or angioplasty for recurrent symp- 
tomatic angina. Of the 33 patients with no evidence 
of silent ischemia on ambulatory monitoring, only 1 
went on to develop an MI and 3 required surgical 
intervention for recurrent angina. 


OUTCOME OF CARDIAC CATHETERIZATION AND 
REVASCULARIZATION 

Cardiac revascularization can be expected to 
control ischemia in the vast majority of patients 
with unstable angina. Such intervention also ap- 


pears to improve survival in high-risk patients. 
There is some evidence that revascularization may 
improve LV function as well. 

The advisability of routinely offering revascular- 
ization to all patients with unstable angina and 
suitable coronary anatomy awaits the results of 
TIMI IIIB. At present, however, there is general 
agreement that revascularization should be offered 
to all patients with unstable angina who fail to 
respond to medical therapy, that is, those who 
continue to experience symptoms or who demon- 
strate objective evidence of ongoing disease activity 
on treadmill testing or ambulatory monitoring. 
Success rates of >90% have been reported with 
emergency coronary angioplasty in patients who 
continued to have unstable angina despite inten- 
sive medical therapy.’ 

A randomized Veterans Administration Cooper- 
ative Study conducted by Luchi et al!’ provided 
evidence of improved survival with revasculariza- 
tion plus medical therapy in a high-risk subset of 
patients with unstable angina. There was no differ- 
ence in survival between patients treated with 
medical therapy alone and those who also under- 
went coronary artery bypass surgery for the study 
cohort as a whole. Revascularization did, however, 
prolong survival among patients with LV dysfunc- 
tion, indicated by a reduced LV ejection fraction 
and triple-vessel disease, the same type of patient 
with improved survival in the Coronary Artery 
Surgery Study (CASS).!8 Mortality in patients with 
an LV ejection fraction of 30% was approximately 
30% in the group that received medical therapy 
alone but only about 5% in those who also under- 
went surgery (Figure 3). 

Evidence obtained in a study by Carlson et al!” 
suggests that revascularization may also improve 
LV function in patients with unstable angina. In 
this investigation, global and regional ejection 
fraction in jeopardized and, to a lesser extent, 
nonjeopardized myocardial segments increased sig- 
nificantly following coronary angioplasty in the 22 
patients with unstable angina. No significant change 
in either global or regional LV function was ob- 
served in the 17 patients with stable angina who 
underwent angioplasty. 

Several methods appear to be of value in deter- 
mining which patients with unstable angina are 
most likely to experience improvement in LV 
function after revascularization. ECG changes con- 
stitute 1 of these measures. Persistent T-wave 
inversion has been shown to predict the reversal of 
segmental hypokinesis with angioplastic revascular- 
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FIGURE 3. Association of left ventricular ejection fraction 
and mortality in patients with unstable angina treated with 
medical therapy alone and those treated with a combina- 
tion of medical therapy and revascularization. (Adapted 
with permission from N Engi J Med.**) 


ization in patients with unstable angina and steno- 
sis of the left anterior descending artery.”° 

Reinjection of thallium-201 after initial thallium 
exercise scintigraphy and redistribution imaging 
may be another method of predicting the likeli- 
hood of improvement in LV function after revascu- 
larization. Dilsizian et al*! detected 85 apparently 
irreversible perfusion defects in 92 patients with 
unstable angina on thallium redistribution imaging 
at 3-4 hours after exercise scintigraphy. After a 
second injection of thallium, however, improve- 
ment was seen in 42 of these 85 segments. Thallium 
scintigraphy was repeated in 20 patients 3—6 months 
after coronary angioplasty. At this reevaluation, 
improvement indicated by normal thallium uptake 
and increased regional wall motion was apparent 
in 13 of 15 segments that had been identified as 
viable after reinjection of thallium in the study 
conducted before revascularization. In the 8 re- 
gions with persistent perfusion defects on thallium 
reinjection imaging before angioplasty, both thal- 
lium uptake and regional wall motion remained 
abnormal after angioplasty. 

Because LV function is known to be the most 
important determinant of survival as well as of 
lifestyle and work status in patients with coronary 
disease, the determination of additional methods 
of predicting improvement in LV function with 
revascularization is being actively pursued. One of 
the newer techniques being evaluated for this 
purpose is the assessment of cardiac metabolism by 
nuclear magnetic resonance spectroscopy. 

Finally, it is important to note that risk factor 
reduction may have a significant impact on the 
progression of the underlying atherosclerotic pro- 
cess in patients with coronary artery disease and 
that a careful assessment of such risk factors and 





SSR LT a Sy TE LE ae Ee CE Pe 
A -> Tre 7 - 


appropriate intervention should be part of any 
therapeutic strategy. 
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DISCUSSION 

Participant: Is angioplasty or bypass surgery 
not routinely performed today in patients with 
anatomic lesions amenable to such intervention 
even before long-term medical management is 
attempted? 

Dr. Gary Gerstenblith: That is often the case. 
Routine revascularization is offered to many pa- 
tients with suitable anatomy. Whether or not rou- 
tine revascularization is beneficial in these patients 
is being examined by the TIMI III study. The 
results of this important trial may alter our ap- 
proach to the treatment of unstable angina. 

Dr. Richard Gorlin: Although about half the 
patients with unstable angina have angiographic 
evidence of thrombosis, thrombolytic therapy is not 
very effective in this disorder. Of the 13 studies that 
have been performed, only between 3 and 5 have 
detected clinical or angiographic evidence of effi- 
cacy. Can you speculate as to why thrombolytic 
therapy is so ineffective in unstable angina? 

Dr. Gerstenblith: A difference in the efficacy of 
thrombolytic therapy may be related to differences 
in the composition of thrombi in patients with 
unstable angina and acute infarction. In a recent 
study by Mizuno and colleagues! using coronary 
angioscopy, patients with unstable angina had 


predominantly grayish-white, nonocclusive thrombi, 
whereas those with acute infarction had reddish 
thrombi, which were occlusive. 

Participant: Could part of the reason also be 
that most cases of unstable angina do not involve 
complete thrombotic occlusion? Therefore, you 
are not attempting to salvage the myocardium as in 
patients with acute myocardial infarction. 

Dr. Gerstenblith: Yes, that may be true. There 
may be additional pathophysiologic components. 

Dr. Udho Thadani: I find it very difficult to 
justify the use of thrombolytic therapy in unstable 
angina when 10% of patients have normal coronary 
arteries and the use of tissue-type plasminogen 
activator is associated with about a 0.6% incidence 
of stroke, which is probably more devastating than 
myocardial infarction. With 10 negative studies, I 
think it is very difficult to accept the role of 
thrombolytic therapy in unstable angina when the 
mortality and infarct rate in these patients during 
routine use of aspirin and intravenously adminis- 
tered heparin are so low. What are your comments 
on this? 

Dr. Gerstenblith: Our practice now is to use 
thrombolytic therapy in those patients in whom we 
have demonstrated a significant thrombus at car- 
diac catheterization. 
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Pharmacologic Mechanisms of Nitrates in 
Myocardial ischemia 


Jay N. Cohn, MD 


Nitrates exert both hemodynamic and nonhemo- 


dynamic effects that help explain the mecha- 
nisms by which these drugs benefit patients with 
myocardial ischemia. The hemodynamic effects 
of nitrates include relaxation of conduit arteries, 
increased arterial compliance, increased venous 
capacitance, dilation of collateral vessels in the 
myocardium, and, possibly, increased myocardial 
compliance. A growing body of evidence suggests 
that the nonhemodynamic effects of these 
agents include inhibition of vascular smooth mus- 
cle growth and of myocyte hypertrophy and ven- 
tricular remodeling. Since endothelial function 
appears to be abnormal in patients with myocar- 
dial ischemia and nitrates replicate many of the 
effects of endothelium-derived relaxing factor, 
these drugs may be viewed as a pharmacologic 
replacement for deficient endogenous activity. 
(Am J Cardiol 1992;70:38G—42G) 
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growing understanding of the vascular and 
Ais effects of nitrates suggests that these 
gents can be expected to provide benefit 
in a broad range of coronary artery disease (CAD) 
syndromes. In addition to their efficacy in the 
management of exertional angina, unstable angina, 
and silent ischemia, nitrates may prove useful in 
patients with acute myocardial infarction, left ven- 
tricular (LV) diastolic dysfunction, and congestive 
heart failure (CHF) with elevated central venous 
pressure. In combination with hydralazine, nitrates 
may also play a role in the management of LV 
systolic dysfunction and reduced exercise capacity. 
The anti-ischemic effects of nitrates are related 
to improvements in both myocardial oxygen supply 
and demand. On the supply side, they improve 
blood delivery by reducing stenosis resistance, 
improving collateral flow, and improving subendo- 
cardial perfusion through reduction of the compres- 
sive forces on the subendocardium during diastole. 
Nitrates also decrease myocardial oxygen demand 
by lowering systolic blood pressure and modestly 
reducing end-diastolic ventricular volume. The 
pharmacologic actions of nitrates are so diverse 
that the mechanism by which they relieve myocar- 
dial ischemia most likely varies according to the 
coronary anatomy and LV function of the individ- 
ual patient. 
Nitrates may potentially exert favorable effects 
at several points in the cycle of CAD and LV 
dysfunction (Figure 1): (1) Nitrates can prevent the 
ischemic manifestations of CAD, perhaps largely 
by dilating the coronary arteries or improving 
collateral perfusion. (2) When CAD manifesta- 
tions—myocardial infarction or simply ischemia— 
do occur, nitrates may prevent LV systolic dysfunc- 
tion by either relieving ischemia or improving 
systolic performance. (3) In the presence of LV 
systolic dysfunction, nitrates may play a role in 
preventing the progression to hypertrophy and 
dilation, as well as subsequent increases in myocar- 
dial oxygen consumption that can further aggra- 
vate ischemia. (4) Nitrates may also favorably 
affect subendocardial ischemia by preventing or 
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FIGURE 1. Vicious cycles of coro- 
nary artery disease and left ven- 
tricular (LV) dysfunction. 
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ameliorating the increase in LV end-diastolic pres- 
sure, particularly during exercise. 


HEMODYNAMIC MECHANISMS 

Therapeutic responses to nitrates result from 
both hemodynamic and nonhemodynamic effects. 
Important factors in the hemodynamic actions of 
these drugs include dilation of conductance arter- 
ies in the coronary system, as well as in the 
pulmonary bed and systemic circulation; an in- 
crease in arterial compliance; and an increase in 
venous capacitance. In some clinical situations, 
increased coronary collateral flow may also be 
important. Only mild arteriolar dilation occurs, 
which has little effect on systemic vascular resis- 
tance. The suggestion that nitrates may also in- 
crease myocardial compliance remains controver- 
sial; it is difficult to separate pressure effects from 
direct compliance effects. 

Resistance versus compliance: Effects on vas- 
cular resistance and vascular compliance reflect 
the actions of very different hemodynamic mecha- 


FIGURE 2. Vascular resistance 
versus vascular compliance (C). 
P = pressure; V = volume; 

h = thickness of arterial wall. 
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nisms. The compliance of a blood vessel can be 
profoundly affected without any change in caliber, 
which is the major determinant of its resistance to 
blood flow. Two arterioles of equal radius will have 
the same resistance; however, if the second arteri- 
ole has a thickened wall, it will have greater 
resistance to stretch or volume change with pulsa- 
tion than the first (Figure 2). Thus, compliance 
(A volume/A pressure) will be reduced in the arte- 
riole with the thicker wall, but the resistance may 
be the same in both arterioles. 

In the case of a large artery proximal to the 
resistant site, compliance constitutes the major 
contribution of the artery to circulatory homeosta- 
sis, because there is not a significant pressure drop 
along the conduit arteries. Therefore, a change in 
conduit artery tone will not alter resistance but 
may profoundly affect the compliance of the artery, 
the storage capacity during systole, or the genera- 
tion of oscillatory waves in the smaller arteries 
downstream. 

The importance of this control system in the 


r (radius) is equal 
C (AV/AP) may be reduced 





A SYMPOSIUM: OPTIMIZING ANTIANGINAL THERAPY 39G 


zry 


Tie Sree eee ee 
° r, E 


TERREO PS 8 PERS TNF 





PT PCS Tia ewe 


Ñ Da Lue 


-FrN WaR Fa 


circulation is becoming increasingly evident and 
may help explain some of the therapeutic effects of 
nitrates. Although nitrates may not alter wall 
thickness acutely, they certainly influence the com- 
pliance of a vessel and allow a greater change in 
pulsatile caliber. This change may result in a 
striking alteration in the storage capacity of the 
large arteries and in the generation of reflected 
waves—a consideration that is often not even 
addressed during patient assessments. 

In experiments conducted in our laboratory, we 
have measured compliance using diastolic pulse 
wave analysis following infusion of nitrodilators. 
The data revealed a dramatic increase in the 
compliance characteristics that generate reflected 
waves, with no change in calculated resistance. 
Therefore, even though mean blood pressure and 
cardiac output may not change, the drug is nonethe- 
less exerting a major pharmacologic effect on the 
vasculature. 

Exercise response: Nitrates that are used to 
block ischemia during exercise can prevent an 
increase in end-diastolic pressure and produce a 
profound increase in exercise capacity. However, 
even in the absence of ischemia in individuals with 
CAD, nitrates affect the hemodynamic response to 
exercise. 

We conducted a study in which 18 patients with 
CHF performed bicycle exercise before (control) 
and 90 minutes after receiving a 40 mg oral dose of 
isosorbide dinitrate.! Mean heart rates at rest and 
during submaximal and maximal exercise were 
comparable before and after administration of the 
drug. Although mean blood pressure at rest was 
lower after patients received isosorbide dinitrate 
than before, it increased to a similar degree during 
exercise both with and without the drug. Isosorbide 
dinitrate had no profound effect on cardiac output. 
In contrast, mean pulmonary wedge pressure at 
rest was strikingly lower after administration of 
the drug; it remained lower during submaximal 
exercise, but this benefit was lost during peak 
exercise. Similarly, isosorbide dinitrate tended to 
reduce mean systemic vascular resistance at rest 
and at submaximal workloads, but not at maximal 
exercise. 

The results of this study suggest that even 
patients without ischemia, such as those with CHF, 
might be able to perform submaximal exercise 
more comfortably and for longer periods with 
nitrate therapy. These observations also suggest 
that clinicians should evaluate the effect of nitrates 
at submaximal exercise, where their hemodynamic 
effects are most prominent. If only peak exercise 


data are obtained, the beneficial effect of the 
nitrate may not be identified. 

Response to chronic therapy: Despite the 
well-known phenomenon of nitrate tolerance in 
some patients, we showed in our randomized, 
placebo-controlled study that the hemodynamic 
benefits of isosorbide dinitrate are sustained dur- 
ing chronic therapy in CHF patients.* Among those 
who received isosorbide dinitrate, 40 mg 4 times 
daily, pulmonary wedge pressure was significantly 
lower after 3 months of therapy compared with 
prerandomization control values (—2.5 + 0.9 mm 
Hg). No significant change occurred in the placebo 
group. At 3 months, patients in the isosorbide 
dinitrate group received a single 40 mg dose of the 
drug and responded with a further 5.4 + 1.5 mm 
Hg decrease in wedge pressure, unlike those in the 
placebo group, whose wedge pressure did not 
change significantly after a single dose of placebo. 

Three months of nitrate therapy, which might 
have been expected to induce some degree of 
tolerance, had thus produced a change in the 
baseline hemodynamics of these patients. Further, 
the effect of the drug appeared to persist, as shown 
by the continued response of the treated patients, 
despite chronic therapy. 

Effects on left ventricular dysfunction: The 
favorable effects of nitrates on LV dysfunction are 
related to both hemodynamic and nonhemody- 
namic factors (addressed below). A decrease in LV 
end-diastolic volume results from increased venous 
capacitance and stroke volume. The response to 
the decrease in ventricular end-diastolic volume 
includes decreased wall stress, lower pulmonary 
capillary pressure, reduced mitral valve regurgita- 
tion, and improved subendocardial perfusion and 
metabolism. 

Nitrates also reduce aortic impedance as the 
result of increased large-artery compliance, de- 
creased reflected waves in systole, and arteriolar 
dilation. The decrease in aortic impedance results 
in decreased wall stress and myocardial oxygen 
consumption, increased stroke volume, and lower 
end-diastolic volume. 


NONHEMODYNAMIC MECHANISMS 

An emerging body of evidence points toward 
nonhemodynamic mechanisms of action whereby 
nitrates inhibit vascular smooth muscle growth 
as well as myocyte hypertrophy and ventricular 
remodeling. 

Nonhemodynamic factors contributing to the 
favorable effects of nitrates on LV dysfunction 
include inhibition of vascular growth and hypertro- 
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phy as well as slowed progression of ventricular 
dilation, resulting in reduced impedance. Imped- 
ance is related to the compliance of the aorta and 
arteries, both of which are affected by nitrates. 
Impedance is also related to arteriolar resistance, 
which is only modestly affected by nitrates. When 
impedance is lowered in patients with CHF, stroke 
volume increases. 

In patients with CHF and ischemic heart dis- 
ease, the combination of nitrates and hydralazine 
has a favorable effect on survival, as shown in the 
first and second Veterans Administration Cooper- 
ative Vasodilator—Heart Failure Trials (VHeFT).>4 
Chronic therapy with this combination also im- 
proves LV systolic function. In VHeFT I, the 
ejection fraction progressively worsened over 4.5 
years in the placebo group, whereas systolic func- 
tion was maintained in the group receiving hydrala- 
zine and nitrates.? In VHeFT II, 2-year follow-up 
data showed that patients receiving this combina- 
tion exhibited greater improvement in systolic 
function and in peak exercise oxygen consumption 
than patients treated with enalapril. 

Animal studies conducted in our laboratory 
have provided insights into the nonhemodynamic 
mechanisms by which nitrates may influence pro- 
gression of LV dysfunction.’ These experiments 
involved the use of a dog model in which a direct 
current shock to the left ventricle caused scarring 
and thinning in the apical area, and dilation and 
hypertrophy of the rest of the ventricle. After 1 
week LV mass began to increase, as confirmed 
with magnetic resonance imaging, and by 16 weeks 
the left ventricle was dilated and hypertrophied. 
However, when an angiotensin-converting enzyme 
(ACE) inhibitor was given the day after administra- 
tion of the electric shock, there was no increase 
in LV mass and attenuation of the increase 
in LV volume. At 16 weeks the ventricle was 
considerably less dilated in the treated hearts than 
in the controls, indicating that the ACE inhib- 
itor had blocked the process of hypertrophy and 
remodeling. 

Using the same dog model, we studied the 
effects of isosorbide mononitrate, 30 mg_ twice 
daily, on LV dysfunction.® After 1 week the isosor- 
bide mononitrate-treated hearts exhibited no in- 
crease in either LV mass or LV volume. After 16 
weeks both mass and volume had increased in the 
placebo group but remained unchanged in the 
nitrate-treated group. 

These effects of isosorbide mononitrate do not 
appear to be hemodynamic in nature, because the 
measurable hemodynamic effects of the drug per- 





Stimulates cyclic-GMP 
Endogenously released 
Transient circulatory effect 
Decreased release in CAD 
Locally effective 

Inhibits VSM growth 
Inhibits myocyte growth 
No tolerance demonstrated 


Stimulate cyclic-GMP 
Exogenously administered 
Prolonged circulatory effect 
Increased activity in CAD (?) 


Systemically effective 

Inhibit VSM growth 

Inhibit myocyte growth 
Tolerance to hemodynamic effect 


CAD = coronary artery disease; GMP = guanosine monophosphate; VSM = 
vascular smooth muscle. 


sist for only about 2 hours following acute adminis- 
tration in the dog model. The effects on LV mass 
and volume, on the other hand, persist chronically 
in the absence of any measurable hemodynamic 
effects. The mechanism of benefit may be related 
to stimulation of guanosine monophosphate at the 
tissue level’ and may be independent of a demon- 
strable vascular effect of the nitrate. 

Nitrates might be viewed as a potential pharma- 
cologic replacement for deficient endothelial func- 
tion in patients with ischemic heart disease. Such 
individuals appear to have abnormal endothelial 
function, and the nitrates replicate many of the 
effects of endothelium-derived relaxing factor (see 
Table I). 


CONCLUSION 

In the natural development of LV dysfunction 
from ischemic heart disease, both myocardial and 
peripheral progression play key roles. Symptoms 
are most likely related to the peripheral factors, 
including vasoconstriction and impedance, whereas 
progression and mortality are related to changes in 
the left ventricle. The nitrates appear to act on 
both ends of the spectrum by preventing remodel- 
ing as well as reducing impedance and vasoconstric- 
tion in the periphery. 
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DISCUSSION 

Dr. Uri Elkayam: How is compliance measured? 
What is the clinical relevance of such measure- 
ments when none of the other hemodynamic param- 
eters change? 

Dr. Jay N. Cohn: One technique looks at the late 
systolic peak in the arterial pulse wave. Reflected 
waves arriving at the root of the aorta in systole will 
add a load to the left ventricle that cannot be 
assessed by sphygmomanometry or even by record- 
ing peripheral arterial pressure. When a nitrate is 
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administered, the late systolic peak disappears; 
therefore, even though the mean pressure does not 
change, left ventricular load is reduced. In addi- 
tion, when a nitrate is administered, the systolic 
pressure may decrease, the diastolic pressure may 
actually increase, and the mean pressure may 
remain unchanged, but left ventricular systolic 
work is reduced because stroke volume is being 
emptied against a lower mean systolic pressure. 
The diastolic pressure remains elevated because 
the aorta has been loaded during systole and now 
releases a larger amount of its volume in diastole to 
support diastolic pressure. 

I believe that when we simply measure mean 
pressure and cardiac output to assess the vascula- 
ture, we are missing an important component of 
the pulsatile nature of flow and pressure. 
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Tolerance, Rebound, and Time-Zero Effect of 
Nitrate Therapy 


William H. Frishman, MD 


Both nitroglycerin and long-acting nitrates have 
proved effective in treating acute anginal pain. In 
recent years, however, development of tolerance 
with the continuous use of these agents has been 
documented. A pilot study demonstrated attenu- 
ation of the therapeutic effect of high-dose, con- 
tinuous transdermal nitroglycerin therapy, de- 
spite adequate plasma nitroglycerin levels. Ina 
subsequent, larger Transdermal Nitroglycerin Co- 
operative Study, evidence of tolerance was de- 
tected within 24 hours of initiation of continuous 
nitroglycerin patch therapy at several different 
dose levels. Sustained pharmacologic activity 
has been achieved with the intermittent use of 
transdermal nitroglycerin, usually for 12 hours 
followed by a 12-hour drug-free period. When the 
patch is discontinued, however, some patients 
experience exacerbation, or rebound, of anginal 
symptoms and a worsening of exercise tolerance 
at the end of the drug-free period. Additional clin- 
ical research is therefore needed to determine 
the optimal intermittent dosing strategy. 

(Am J Cardiol 1992;70:43G—48G) 
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itrates have been used as an effective 
JN | emen for angina pectoris for > 100 

years. Their antianginal activity is attribut- 
able to a number of mechanisms, which include 
peripheral arterial and venous dilation, the dila- 
tion of coronary arteries, the opening of intercoro- 
nary collateral vessels, and the prevention of coro- 
nary artery vasospasm.' Sublingual nitroglycerin 
was the earliest form of nitrate therapy, followed 
by longer-acting oral nitrates, such as isosorbide 
dinitrate, which were introduced in the late 1930s. 
In recent years a variety of newer nitrate-delivery 
systems, including oral sprays, buccal/transmuco- 
sal preparations, ointments, and transdermal disks 
and patches, have been developed, and researchers 
continue to seek innovative approaches to nitrate 
delivery.! 

Reports of the development of tolerance to the 
effects of nitrates and descriptions of the loss of 
antianginal activity can be found in the early 
scientific literature.2 More recently, a study by 
Parker et al in 12 patients with chronic stable 
angina pectoris demonstrated an attenuation of 
the effect of oral isosorbide dinitrate on treadmill 
walking time with increased frequency of adminis- 
tration. The increase in exercise time to the onset 
of moderate angina noted 3 and 5 hours after the 
nitrate dose in patients treated with a 4 times daily 
regimen was diminished compared with exercise 
capacity in patients treated 2 or 3 times daily. In 
fact, at the 5-hour evaluation, exercise duration in 
patients treated with the 4 times daily regimen was 
actually lower than the baseline value. 





EVALUATION OF CONTINUOUS TRANSDERMAL 
NITROGLYCERIN THERAPY 

Transcutaneous nitroglycerin patches were ini- 
tially approved for use in the United States on the 
basis of data demonstrating that equivalent blood 
nitroglycerin concentrations were obtained with 
sublingual and patch formulations. Very little pa- 
tient efficacy information was available until after 
these transcutaneous preparations were approved 
for clinical use. As experience with transdermal 
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nitroglycerin widened, reports of the development 
of tolerance with continuous patch therapy began 
to appear. 

The development of tolerance with continuous 
transcutaneous delivery of very-high-dose nitroglyc- 
erin therapy was examined in a pilot study con- 
ducted in 20 patients.* Responsiveness to sublin- 
gual nitroglycerin was required for study admission. 
The nitroglycerin dose was titrated up to 10 patches 
(100 mg daily) during an initial 48-hour titration 
phase. Baseline angina activity was re-established 
during a subsequent washout period, after which 
patients were randomly assigned to treatment with 
patches containing either placebo or nitroglycerin. 
These patients were then followed for a 2-week 
double-blind treatment period. During this time, 
serial exercise stress tests were conducted both 
before and 4 and 24 hours after application of the 
patch. 

At the end of 2 weeks, blood nitroglycerin levels 
in patients treated with the transdermal patches 
were Clearly higher than those achieved with sublin- 
gual nitroglycerin administration. The mean nitro- 
glycerin concentration after sublingual therapy was 
0.32 ng/mL compared with 4.04 ng/mL after 2 
weeks of treatment with the transdermal patch. 
These findings provided evidence that nitroglyc- 
erin was being delivered systemically and that any 
development of tolerance could not be attributed 
to malabsorption of the drug through the skin. 

Systolic blood pressure monitoring during the 
2-week double-blind treatment period indicated an 
attenuation of the blood pressure-lowering effect 
of nitroglycerin over time. Four hours after applica- 
tion of the first patch, preexercise systolic blood 
pressure of patients treated with the active medica- 
tion was significantly lower than that of placebo- 
treated patients. At 24 hours the systolic blood 
pressure level remained significantly lower in the 
nitroglycerin-treated group than in the placebo 
group. After 1 and 2 weeks of treatment, however, 
the effect of nitroglycerin on blood pressure was 
diminished, and the differences between the 2 
treatment groups were no longer statistically signif- 
icant. Heart rate showed a similar pattern of 
response. Initially, transdermal nitroglycerin deliv- 
ery resulted in about a 10% increase in heart rate, 
but this effect dissipated with continued administra- 
tion. 

The dissipation of the hemodynamic effects of 
transdermal nitroglycerin was accompanied by an 
attenuation of its antianginal effect. Although pa- 
tients treated with nitroglycerin initially demon- 
strated improvement in exercise tolerance, this 





effect declined with time. Intracellular sulfhydryl 
depletion, neurohormonal activation, and intravas- 
cular volume expansion are among the mechanisms 
suggested for the development of tolerance with 
continuous exposure to nitroglycerin. 

The findings of this pilot study led the U.S. Food 
and Drug Administration (FDA) to request a 
larger follow-up study with an initial enrollment of 
751 patients to establish proof of efficacy and lack 
of tolerance with the continuous use of transder- 
mal nitroglycerin preparations. This cooperative 
study, supported by the manufacturers of the 3 
nitroglycerin patches, compared the effect on tread- 
mill exercise time of the continuous administration 
of low (15 and 30 mg/day), medium (45 and 60 
mg/day), and high (75, 90, and 105 mg/day) doses 
of transdermal nitroglycerin with that of placebo in 
562 patients randomized to double-blind therapy. 
In addition, the extent to which tolerance devel- 
oped during continuously applied therapy was 
assessed, patients were evaluated for a dose- 
response effect, and the need for high doses in 
order to achieve a long-term response was exam- 
ined. 

The study began with a baseline period of 1—4 
weeks, which was followed by a dose-titration 
phase of up to 6 weeks. Patients were treated with 
a fixed-dose transdermal nitroglycerin regimen for 
the next 2 weeks. The study concluded with a 
2-week detitration period. 

Exercise testing was conducted according to the 
Bruce protocol. As in the earlier pilot study, testing 
was performed just before and 4 and 24 hours after 
patch application. In addition to exercise testing, 
the frequency of anginal attacks, sublingual nitro- 
glycerin consumption, and blood pressure and 
heart rate prior to exercise testing were deter- 
mined. 

On the first day of treatment, exercise testing 4 
hours after patch application showed a significant 
increase in treadmill walking time with the 3 
nitroglycerin preparations. A mean increase from 
baseline of approximately 50 seconds was observed 
in all 3 active treatment groups as compared with 
about a 15-second increase in the placebo group 
(Figure 1). By 24 hours, however, the effect of 
nitroglycerin was no longer apparent, and no signif- 
icant differences were noted between patients in 
the nitroglycerin treatment groups and the group 
assigned to receive placebo. Exercise testing re- 
peated after 14 days and again after 8 weeks of 
transdermal nitroglycerin therapy likewise indi- 
cated no differences between the 337 nitroglycerin- 
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treated and the 118 placebo-treated patients who 
completed the testing. 

The reason for the lack of significant differences 
in exercise capacity between the nitroglycerin and 
placebo treatment groups may be due in part to a 
training effect resulting from repeated stress test- 
ing. Most investigators consider a 20% improve- 
ment in exercise time from baseline an indication 
of a clinical effect. In this study, such improvement 
was achieved with placebo. In fact, progressive 
improvement was seen in the placebo-treated pa- 
tients with each stress test. The opening of collat- 
eral coronary vessels in response to exercise is 
another possible explanation for the increase in 
exercise performance noted in the placebo group. 

A post hoc analysis of the study data suggested 
that transdermal nitroglycerin therapy may have 
affected the frequency of angina attacks in patients 
with a higher frequency of such episodes. Although 
these patients demonstrated no significant improve- 
ment in exercise tolerance compared with the 
placebo group, they did experience fewer spontane- 
ous attacks of angina during the day. 

In summary, the transdermal nitroglycerin coop- 
erative study provided evidence of the attenuation 
of the effects of nitroglycerin within the first 24 
hours of continuous therapy. This lowering of 
responsiveness persisted throughout the 8-week 
study. Although exercise capacity in the nitroglycer- 
in-treated patients did show an increase over 
baseline, a similar degree of improvement was seen 
in patients treated with placebo. Because of these 
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findings, the FDA now recommends that transder- 
mal nitroglycerin patches not be used on a continu- 
ous basis. 


EVALUATION OF INTERMITTENT 
NITROGLYCERIN THERAPY 

Results of the first large study to assess the 
efficacy of intermittent transdermal nitroglycerin 
dosage strategies in patients with chronic stable 
angina were reported in 1989.° Criteria for inclu- 
sion in this double-blind, randomized, placebo- 
controlled, multicenter trial included a primary 
diagnosis of angina pectoris, the development of 
moderate angina within 3-7 minutes, objective 
evidence of coronary artery disease, responsive- 
ness to nitrates as confirmed by exercise testing, 
and reproducible exercise test results. The 206 
patients accepted into the study were not permit- 
ted to use any other antianginal drugs, with the 
exception of B blockers and sublingual nitroglyc- 
erin. 

Patches designed to deliver placebo or 5-20 
mg/day of nitroglycerin were applied for a period 
of 12 hours each day for 4 weeks. The 12-hour 
treatment period was followed by a 12-hour patch- 
free interval. The response to nitroglycerin was 
evaluated by exercise testing conducted before 
patch application and 4, 8, and 12 hours after 
application on days 1, 15, and 29. 

Exercise tests performed on day 1 of the study 
indicated persistence of the antianginal effect of 
transdermal nitroglycerin throughout the 12-hour 
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application period. This beneficial effect was seen 
with both the lower-dose (5-10 mg/day) and higher- 
dose (15-20 mg/day) patches. The exercise time to 
moderate angina was significantly greater in pa- 
tients treated with the higher nitroglycerin doses 
than in the placebo group at 4, 8, and 12 hours. 
Exercise time in patients treated with the lower 
doses of the drug was also greater than in the 
placebo group at each evaluation period, but only 
the difference at 12 hours was statistically signifi- 
cant. 

Some persistence of this effect was apparent on 
day 15, when exercise time to moderate angina was 
significantly greater with the higher-dose nitroglyc- 
erin patches than with placebo at 4 and 8 hours. 
This finding contrasted with the loss of effect noted 
in the continuous treatment trial. 

On day 29, an effect of the higher-dose nitroglyc- 
erin patches on exercise time was seen at the 
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FIGURE 2. Exercise time to moderate angina on Day 29 
with placebo and intermittent transdermal nitroglycerin 
therapy. *p = 0.05 vs placebo. (Adapted with permission 
from J Am Coll Cardiol.®) 
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FIGURE 3. Zero-hour response associated with prolonged 
intermittent transdermal nitrogtycerin therapy. *p = 0.05 
vs placebo. (Adapted with permission from J Am Coll 
Cardiol.®) 
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8-hour evaluation (Figure 2). At 12 hours, how- 
ever, there was an attenuation of the response to 
nitroglycerin, similar to but perhaps not as great as 
that seen with continuous therapy. Thus, no strik- 
ing differences between nitroglycerin-treated and 
placebo-treated patients were apparent on day 29 
at 4 and 12 hours. Nevertheless, these findings led 
the FDA to recommend an intermittent dosing 
strategy for the nitroglycerin patches rather than a 
continuous dosing regimen. 


ZERO-HOUR RESPONSE 

One of the concerns with intermittent transder- 
mal nitroglycerin therapy is the zero-hour re- 
sponse, or time-zero effect. The zero-hour re- 
sponse is manifested by poorer performance than 
placebo-treated patients on a predose exercise 
stress test at the end of the drug-free interval. 

Evidence of the zero-hour response was seen in 
the multicenter intermittent transdermal nitroglyc- 
erin trial. As shown in Figure 3, exercise time to 
moderate angina at the end of the 12-hour nitroglyc- 
erin-free period on day 15 and day 29 indicated 
greater improvement in placebo-treated patients 
than in those treated with the nitroglycerin patches. 
In addition to the apparent loss of the effect on 
exercise performance with prolonged nitroglycerin 
therapy, the potential also exists for a worsening of 
angina with patch withdrawal, particularly when 
long dosing intervals are employed. Some patients 
may even experience worsening of angina during 
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FIGURE 4. Comparison of the mean change from baseline 
in exercise time after 14 days of treatment with continu- 
ous or intermittent transdermal nitroglycerin. *p = 0.001 
vs placebo. (Data from Am J Cardiol.’) 
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the nitroglycerin-free period. In fact, in the multi- 
center trial of intermittent therapy, 9 of 138 nitro- 
glycerin-treated patients but none of those treated 
with placebo experienced a significant increase in 
rest angina during the nitroglycerin-free period. 
However, all 9 patients remained in the study, and 
their angina was self-limited or managed with 
sublingual nitroglycerin. This increase in rest an- 
gina was not related to the transdermal nitroglyc- 
erin dose. 


PERSISTENT VERSUS INTERMITTENT THERAPY 

A clinical trial conducted in the Netherlands 
compared the response to continuous versus inter- 
mittent treatment with transdermal nitroglycerin.’ 
This randomized, double-blind, placebo-controlled 
study involved 108 patients with severe angina. 
These patients were assigned to treatment with 
placebo or with either continuous or intermittent 
transdermal nitroglycerin therapy. The nitroglyc- 
erin dose of 0.4 mg/hour was provided by a 20 cm? 
patch. Patients in the continuous therapy group 
wore the patch for a full 24 hours each day. 
Intermittent therapy consisted of a 14-hour treat- 
ment period, followed by a 10-hour nitroglycerin- 
free period. The duration of treatment was 14 days. 
Bicycle ergometry performed at 2-10 hours after 
patch application was used to determine the re- 
sponse to treatment. 

Exercise testing at the end of the 14-day treat- 
ment period indicated a greater effect with the 
intermittent than with the continuous regimen 
(Figure 4). Exercise time in patients assigned to 
intermittent therapy increased by >80 seconds 
and was significantly greater than in patients treated 
with placebo. The mean change in exercise time in 
the continuous treatment group was about 40 
seconds. Improvement in this group did not differ 
significantly from that in placebo-treated patients. 


CONCLUSION 

Nitroglycerin is clearly an effective therapy for 
the management of angina. The evidence obtained 
in clinical trials of transcutaneous nitroglycerin 
patches in patients with angina, however, indicates 
an attenuation of both the hemodynamic effects of 
nitroglycerin and its effects on exercise capacity 
with continuous therapy. Intermittent dosing strat- 
egies appear to preserve the effect on exercise, 
although the safety of intermittent therapy and the 
optimal dosing regimens for maximizing its benefi- 
cial effects remain to be established. 
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DISCUSSION 

Participant: How would you interpret the data 
you presented in light of the frequent use today of 
prolonged intravenous nitroglycerin therapy for 
acute ischemic syndromes? Does the response of 
the acute syndromes differ when intravenous nitro- 
glycerin is used? 

Dr. William H. Frishman: Tolerance to intrave- 
nous nitroglycerin develops fairly rapidly. Fre- 
quently, the dose must be up-titrated in the coro- 
nary care unit. It is not known whether this is due 
to an attenuation of the effect of nitroglycerin or to 
a worsening of the condition being treated. I am 
convinced that many patients with stable angina do 
improve with intravenous nitroglycerin, but attenu- 
ation of the effect occurs rapidly. Consequently, 
the improvement seen in the coronary care unit 
may just represent stabilization, which is known to 
occur with time in patients with unstable angina. 

Dr. Ezra A. Amsterdam: There is another possi- 
ble explanation for the improvement in serial 
exercise test performance seen in these studies. 
One to 3 treadmill tests every few days is not 
sufficient to yield a classic physiologic training 
effect. It does, however, increase biomechanical 
efficiency. Patients who become accustomed to 
treadmill exercise are able to perform better be- 
cause of a decrease in total body rate of oxygen 
consumption (VO ) with the same external work- 
load, thereby reducing heart rate and blood pres- 
sure response to exertion. That is, they can per- 
form a certain level of exercise at a lower total body 
VO), because they know how to walk “better.” This 
effect is inevitable, even in patients who have 
performed exercise treadmill tests in the past. They 
become more comfortable and less nervous and so 
the VO, per load on the treadmill decreases. It is 
not a classic physiologic training effect, but it 
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affects performance. The only way we will be able 
to determine the significance of such an effect is to 
measure the actual VO, during stress testing. 

Dr. Frishman: I agree. The other finding that 
has surprised us in recent years is that improve- 
ment with effective therapies is much more modest 
now than has been documented in the past, possi- 
bly because of increased exercise testing and its 
effect in placebo-treated patients. In addition, 
patients were previously evaluated at peak dosing 
rather than at the end of the dosing interval. 
Today, we are required to conduct studies at the 
end of the dosing interval, and we see a much more 
modest effect of treatment. 

Dr. Amsterdam: Not all patients with chronic 
stable angina will respond to nitroglycerin. The 
very modest statistically significant data that you 
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showed may include many patients who are not 
responding to the nitroglycerin patches. 

Dr. Frishman: In our pilot study, we found this 
attenuation of effect in 20 patients who had been 
shown to be responsive to sublingual nitroglycerin. 
It is a real effect and not just related to the fact that 
some nonresponders may be included. We consid- 
ered 24 patients for admission to the study and 
excluded 4 because they did not respond to nitro- 
glycerin. 

Dr. Amsterdam: My point is that the small 
number of patients culled to participate in such 
studies constitute the best responders to nitroglyc- 
erin. In fact, these therapies are widely used in 
patients who will never respond and never demon- 
strate a Statistically significant benefit. 
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Possible Mechanisms of Nitrate Tolerance 


Uri Elkayam, mp, Anil Mehra, mp, Avraham Shotan, mp, Enrique Osprzega, MD 


Prolonged exposure to organic nitrates has been 


shown to lead to the rapid development of toler- 
ance to the peripheral and coronary vasodilatory 
effects of these drugs. As a result of this phe- 
nomenon, the hemodynamic and anti-ischemic 
effects of nitrates may be rapidly attenuated in 
patients with ischemic heart disease, congestive 
heart failure, or both. This nitrate tolerance ap- 
pears to be both dose- and time-dependent. 
Likely mechanisms proposed for its development 
are multifactorial and include depletion of sulfhy- 
dryl groups, a nitrate-mediated increase in blood 
volume, and neurohormonal stimulation with acti- 
vation of vasoconstrictive mechanisms. 

(Am J Cardiol 1992;70:49G—54G) 
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r | Nhe rapid development of tolerance with 
prolonged exposure to organic nitrates is 
well documented in the scientific literature. 

Nitroglycerin tolerance was described as early as 
1905 by Steward,' who expressed frustration at an 
inability to overcome tolerance to the drug, despite 
a 160-fold increase in the nitrate dose level. The 
development of immunity to the undesirable side 
effects of nitroglycerin, particularly headache, 
within 3—4 days by workers engaged in its manufac- 
ture further suggested nitrate tolerance.’ This 
immunity was lost rapidly, as indicated by the 
reappearance of symptoms of nitroglycerin toxicity 
after an absence from work of only a few days. For 
this reason, it became common practice for nitro- 
glycerin workers to place some of the product in 
their hatbands during periods of absence from the 
factory so as to maintain their immunity. Thus as 
early as 1914 the importance of intermittent expo- 
sure to nitrates for the maintenance of the drug 
effect was being recognized.’ 

A recent review of data from 22 studies con- 
ducted between 1980 and 1989 provided strong 
evidence for the development of nitrate tolerance 
in patients with angina pectoris.’ These patients 
were treated with various types of nitrate prepara- 
tions, including standard and sustained-release 
oral formulations, transdermal systems, and intra- 
venous formulations, for periods ranging from 1 
day to 2 months. 

Despite considerable data supporting the occur- 
rence of nitrate tolerance, its clinical importance 
has been questioned in the past. This earlier 
skepticism was attributable to findings such as 
those of Danahy and Aronow.’ These investigators 
conducted treadmill exercise tests in 21 men with 
typical effort angina 1, 3, and 5 hours after an 
initial oral dose of isosorbide dinitrate (ISDN) or 
placebo. Exercise performance at all 3 evaluation 
periods was enhanced in the ISDN-treated pa- 
tients compared with placebo. When the research- 
ers repeated exercise testing after a mean of 5.6 
months of treatment with ISDN, they found that 
the antianginal effect of the drug was maintained. 
Careful examination of the protocol followed in 
this study, however, revealed that patients were 


A SYMPOSIUM: OPTIMIZING ANTIANGINAL THERAPY 49G 





ST SY ar ee 


+ 
; 
i 
g 
(o 


FEE E AOA A E EAEE OLER 


allowed a 16-hour nitrate-free interval prior to the 
reevaluation of ISDN effect. Similarly, a period of 
nitrate withdrawal was also used by Franciosa and 
Cohn,* who reported persistence of the hemody- 
namic effect of ISDN in patients with congestive 
heart failure. Nevertheless, the information avail- 
able in the early 1980s led to the conclusion that 
prolonged therapy with long-acting nitrates was 
not associated with clinically important tolerance, 
even when these agents were used in large doses.°® 


MANIFESTATIONS OF NITRATE TOLERANCE 
There are other data, however, to support the 
rapid and marked attenuation of all aspects of 
nitrate activity, including effects on the peripheral 
and coronary circulation and on platelet activity, 
with continuous exposure or frequent dosing. 
Effect on peripheral circulation: A 1985 study 
by Manyari et al’ demonstrated a significant in- 
crease in regional blood volume, measured by the 
radionuclide blood pool method, in patients with 
stable angina after an initial dose of 0.6 mg of 
sublingual glyceryl trinitrate. After 4 weeks of 
treatment with ISDN, the response to glyceryl 
trinitrate was markedly attenuated (Figure 1). The 
earlier changes in blood pressure and heart rate 
achieved with glyceryl trinitrate were also signifi- 
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FIGURE 1. Changes in regional blood volume in response 
to sublingual nitroglycerin during a control period (stage 
A) and after 4 weeks of treatment with isosorbide dinitrate 
(ISDN; stage B). Patients received 0.6 mg of sublingual 
nitroglycerin at time 0. *p <0.05; +p <0.01; tp <0.001 ver- 
sus value before nitroglycerin; the plus sign between the 
vertical arrows indicates p <0.05 for stage A versus stage 
B at the time given on the abscissa. (Adapted with permis- 
sion from Am J Cardiol.") 





cantly diminished at this repeat evaluation. Thus 
the study not only showed attenuation of the 
peripheral effect of nitrates with long-term therapy 
but also established the existence of cross-toler- 
ance between ISDN and sublingual nitroglycerin. 
Attenuation of the effect of nitroglycerin on pulmo- 
nary arterial wedge pressure (PAWP) in patients 
with congestive heart failure treated with continu- 
ous intravenous infusion of the drug has also been 
reported. In 1 study by our group,’ patients whose 
PAWP fell by at least 30% or 10 mm Hg in 
response to intravenous nitroglycerin were ran- 
domly assigned to receive placebo or to continue 
on nitroglycerin therapy. An immediate increase in 
PAWP occurred in the placebo group. In contrast, 
PAWP in patients who continued to receive nitro- 
glycerin was significantly lower than at baseline for 
the first 8 hours of the infusion period. After that 
time, however, PAWP in the nitroglycerin treat- 
ment group began to rise, and values recorded at 
12, 20, and 24 hours were no different from those 
noted in the placebo group. 

Attenuation of effect on coronary circula- 
tion: There is also evidence for the attenuation of 
the effect of nitrates on the coronary circulation. 
May et al? demonstrated a reproducible, dose- 
related increase in coronary sinus blood flow in a 
group of 19 subjects (17 with coronary artery 
disease) after administration of graded doses of 
10-100 ug of intracoronary nitroglycerin. The pa- 
tients then received a 24-hour intravenous infusion 
of nitroglycerin (n = 12) or saline (n = 7). Repeat 
intracoronary instillation of the same doses of 
intracoronary nitroglycerin after the intravenous 
nitroglycerin infusion indicated a substantial reduc- 
tion in coronary response: the percent increase in 
coronary sinus blood flow, which had been 30- 
52%, dropped to only 16-27%. In contrast, similar 
percent increases in coronary flow were noted 
before and after the intravenous saline infusion. 

Attenuation of antiplatelet effect: Informa- 
tion obtained primarily from in vitro studies shows 
that nitrates affect platelet activity, although the 
clinical significance of these effects has not yet 
been determined. Nitrates prevent platelet aggre- 
gation,!®™!3 disperse already formed platelet 
clumps,'!:'4 and prevent platelet adhesion to dam- 
aged intimal linings.!* Interestingly, an in vitro 
study by Loscalzo and Amarante!® indicated that 
antiplatelet effects are also attenuated after pro- 
longed exposure to nitroglycerin. When these inves- 
tigators preincubated platelet-rich plasma in the 
absence of nitroglycerin, the median inhibitory 
concentration (ICs9) of nitroglycerin required for 
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inhibition of adenosine diphosphate—induced plate- 
let aggregation was approximately 40 uM. When 
platelet-rich plasma was preincubated with nitro- 
glycerin, the ICs increased 9-fold, to 360 pM. 


PROPOSED MECHANISMS OF NITRATE 
TOLERANCE 

The precise cause of nitrate tolerance is still not 
entirely clear, but a number of mechanisms have 
been postulated. Among these are pharmacoki- 
netic changes, depletion of sulfhydryl groups, the 
activation of neurohormonal vasoconstrictive mech- 
anisms, and the expansion of intravascular volume. 

Pharmacokinetic changes: A reduction in 
blood nitrate levels due to pharmacokinetic 
changes, such as alterations in drug absorption, 
distribution, or elimination, has been proposed as a 
mechanism for the diminishing effect of nitrate 
preparations over time. The feasibility of this 
explanation, however, is refuted by a recent study 
by Elkayam et al.” The patients enrolled in this 
study demonstrated attenuation of the ISDN- 
induced reduction in PAWP within 24 hours after 
initiation of a 4-hour dosing regimen (Figure 2A). 
Despite the loss of clinical efficacy, plasma ISDN 
levels were significantly higher on the second day 
of dosing than on the first day (Figure 2B). The 
persistent elevation in blood levels of ISDN was, in 
fact, considered the probable cause of nitrate 
tolerance in these patients. 

Depletion of sulfhydryl groups: Organic ni- 
trates are prodrugs that must undergo biotransfor- 
mation and activation in order to exert a clinical 
effect. This activation occurs via an interaction 
with sulfhydryl groups that is primarily intracellu- 
lar but also occurs extracellularly (Figure 3). The 
products of this interaction, S-nitrosothiol and 
nitric oxide, then stimulate guanylate cyclase, the 
enzyme responsible for the formation of cyclic 
guanosine monophosphate (GMP). Cyclic GMP 
can, by a variety of mechanisms, lower the cytosolic 
free calcium and make contractile proteins less 
sensitive to calcium, an effect that eventually leads 
to vasodilation. Experimental evidence obtained 
both in vitro and in vivo lends support to the 
sulfhydryl depletion hypothesis of nitrate toler- 
ance. Among the in vitro evidence is the decrease 
in the tissue content of sulfhydryl groups that 
occurs with prolonged exposure of vascular strips 
to nitroglycerin, which was first shown by Needle- 
man!® as early as 1970 and then demonstrated in 
subsequent studies.'?° In addition, there are sev- 
eral reports of the reversal of vascular tolerance 





after supplying sulfhydryl groups in the form of 
dithiothreitol and N-acetylcysteine (NAC).!?7422 
Interestingly, one in vitro study showed that ~ 
captopril, a sulfhydryl-containing angiotensin- 
converting enzyme (ACE) inhibitor, prevented the 
development of tolerance to the effect of nitroglyc- 
erin on aortic vascular rings.” Enalapril, a nonsulf- 
hydryl-containing ACE inhibitor, failed to prevent 
development of tolerance. Furthermore, only neg- 
ligible tolerance has been seen with thiol-indepen- 
dent nitrate vasodilators, such as molsidomine and 


ISDN q4h 


A 


Time (hours) | 


91+67 
Miitta 89+103 


2 2 Fy 
TA: 


(00) 
O 


O) 
O 


» 
» 

, 
» 

. 

, 
n» 
» 
E N 
A 
. 
s 
. 
» 
a 
iJ 


> 
© 


ISDN plasma levels (ng/mL) 
NO 
© 


FIGURE 2. A, Attenuation of the effect of isosorbide dini- 
trate (ISDN) on pulmonary arterial wedge pressure (PAWP) 
with a 4-hour dosing regimen (q4h); n = 11. B, Plasma 
ISDN levels achieved with a 4-hour dosing 
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nitroprusside, which do not require interaction 
with sulfhydryl groups for their effect.” The 
same is true for the vasorelaxation induced by 
nitric oxide.”° 

In vivo evidence for the sulfhydryl depletion 
hypothesis includes the potentiation of the hemody- 
namic effects of nitroglycerin by the sulfhydryl 
group donor NAC. This effect has been observed in 
both rats and human beings.” Even more strik- 
ing is the partial reversal of nitroglycerin tolerance 
in patients with congestive heart failure and coro- 
nary artery disease*!*? and in normal subjects” by 
sulfhydryl groups, supplied by either NAC or 
methionine. 

In one study conducted by Packer et al?! in 35 
patients with severe congestive heart failure, contin- 
uous intravenous infusion of nitroglycerin for 48 
hours initially caused a statistically significant reduc- 
tion in left ventricular filling pressure (LVFP) and 
mean right atrial pressure (MRAP). By the end of 
the treatment period, these effects were no longer 
present. The nitroglycerin-induced decrease in 
LVFP and MRAP was partially restored by admin- 
istration of NAC. 

Parker was unable to repeat the results in 
patients with angina pectoris who developed toler- 
ance to ISDN, and he concluded that the interac- 
tion with NAC is drug-specific and does not occur 
with ISDN.*4 However, in a recently completed 
study by Mehra et al% in patients with congestive 
heart failure, the addition of NAC to ISDN aug- 
mented the nitrate-induced reduction in PAWP, 
indicating an interaction between ISDN and NAC. 

Activation of neurohormonal vasoconstric- 
tive mechanisms: The strong vasodilatory re- 
sponse to nitroprusside causes reflex stimulation of 
catecholamines and renin, resulting in vasoconstric- 
tion and at least a partial attenuation of the 
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vasodilatory effect of nitroprusside. With abrupt 
discontinuation of nitroprusside, rebound vasocon- 
striction may also occur. It has been suggested that 
similar activation of neuronormonal vasoconstric- 
tive mechanisms may play a role in the develop- 
ment of tolerance to nitrates. 

The role of neurohormonal vasoconstrictive fac- 
tors in the development of nitrate tolerance is 
supported by a number of reports of increased 
catecholamine levels or plasma renin activity in 
patients who develop nitrate tolerance. In the 
study mentioned above of patients with congestive 
heart failure conducted by Packer et al,*! plasma 
renin activity rose significantly, from 7.5 + 2.9 
ng/mL/hour at baseline to 12.9 + 4.8 ng/mL/hour 
after a continuous 48-hour infusion of nitroglyc- 
erin. In contrast, in patients receiving intermittent 
nitrate therapy, plasma renin activity showed a 
much smaller and statistically insignificant in- 
crease, from 6.1 + 2.7 ng/mL/hour before infusion 
to 7.7 + 3.0 ng/mL/hour after infusion. 

Expansion of intravascular volume: Several 
studies have shown that nitrate therapy is associ- 
ated with either an expansion of plasma volume or 
an increase in body weight. This effect has been 
demonstrated in patients with myocardial infarc- 
tion and congestive heart failure.3136:37 

Dupuis et al, for example, reported a significant 
increase in blood volume of 745 + 382 mL, prima- 
rily during the first hour of nitroglycerin therapy in 
patients with congestive heart failure.” These 
patients showed no weight gain at that time, 
leading the investigators to propose a shift of fluid 
from the extravascular to the intravascular compart- 
ment as the cause of the augmented blood volume. 
An increase in blood volume is likely to attenuate 
the increase in venous capacitance initially ob- 
served with nitroglycerin. 
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CONCLUSION 

The mechanisms responsible for the develop- 
ment of nitrate tolerance are not yet completely 
understood, although several possible hypotheses 
have been proposed. A combination of these vari- 
ous mechanisms is thought to be the most likely 
explanation for the development of tolerance to 
these drugs. 
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DISCUSSION 

Participant: Will diuretics restore sensitivity to 
nitrates? 

Dr. Uri Elkayam: A preliminary report pre- 
sented at a recent meeting indicated that nitrate 
tolerance might be prevented with diuretics in 
patients with angina. However, a paper that I 
reviewed recently from a group that has investi- 
gated nitrate tolerance intensively showed diuret- 
ics to have no effect on nitrate tolerance in normal 
volunteers. Thus, at this time, the effect of diuretics 
remains questionable. 

Participant: There is a clear consensus that 
nitrate tolerance does develop. Is there tolerance 
to the anti-ischemic effect of nitrates, as mani- 
fested by the frequency of ischemic events re- 
corded on 24-hour ambulatory monitoring? 

Dr. Andrew P. Selwyn: Studies have shown that 
nitrates produce a consistent and modest decrease 
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in the frequency and duration of ischemia seen 
with 24-hour ambulatory monitoring, due primarily 


= to a preferential decrease in episodes of ischemia 


occurring at lower heart rates of about 70-80 
beats/min. That beneficial effect disappears by 24 
hours. There are too few studies available to know 
whether intermittent application can preserve the 
effect on ischemic events observed during 24-hour 
ambulatory monitoring. 

Dr. William H. Frishman: We have seen evi- 


_ dence of nitrate tolerance in terms of hemody- 
- namic effects and exercise performance but not in 


terms of angina frequency, although that is not an 
objective criterion. Most studies suggest the persis- 
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tence of some anti-ischemic effect, particularly an 
effect on spontaneous attacks of angina. 

Dr. Udho Thadani: There are published data 
showing that angina frequency and tolerance to the 
anti-ischemic effects develop with continuous trans- 
dermal nitroglycerin therapy in patients with a very 
high frequency of anginal attacks. 

Dr. Jay N. Cohn: There is no question that 
continuous nitrate application and a constant blood 
level are most likely to produce tolerance. Al- 
though the optimal drug-free interval for maintain- 
ing efficacy is somewhat controversial, at least 
some efficacy is certainly maintained with intermit- 
tent regimens. 
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Rationale for Intermittent Nitrate Therapy 


Ezra A. Amsterdam, MD 


Tolerance to the pharmacologic and therapeutic 
effects of nitrate therapy is now well established. 
This phenomenon may be defined as either a de- 
creased response to a given amount of nitrate or 
the need for an increased amount of nitrate to 
maintain a constant effect. Tolerance has been 
demonstrated with all forms of nitrate therapy 
that maintain continuous blood levels of the drug, 
including frequent oral dosing, constant intrave- 
nous infusion, and continuous transdermal deliv- 
ery. It can develop rapidly after only a few doses 
of a nitrate preparation and tends to be partial 
rather than absolute. Strategies for the preven- 
tion of nitrate tolerance include the avoidance of 
maximum nitrate doses and the use of intermit- 
tent nitrate dosing regimens. Providing a rela- 
tively brief nitrate-free interval restores vascular 
responsiveness to nitrates, most likely due to a 
recovery of the metabolic mechanisms responsi- 
ble for the therapeutic effect of these drugs. The 
duration of this period of nitrate abstinence var- 
ies, depending on the nitrate preparation used 
but is generally in the range of 8—12 hours. Such 
intermittent therapy not only reduces the risk of 
nitrate tolerance, but also provides a convenient 
approach to outpatient management. 

(Am J Cardiol 1992;70:55G—60G) 
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olerance to the pharmacologic and therapeu- 

tic effects of nitrate therapy is now a well- 

established phenomenon. Nitrate tolerance 

is known to develop very rapidly and may occur 

after only a few doses of a nitrate preparation. It 

may be manifested as a decrease in patient re- 

sponse to a particular dosage or as a need for 

progressively higher doses to maintain the desired 
effect. 

The “Monday morning headache” syndrome 
noted in nitrate factory workers provided the 
earliest evidence of nitrate tolerance.! These head- 
aches generally disappeared with nitrate exposure 
as the week progressed but returned the following 
Monday, after a nitroglycerin-free weekend. Toler- 
ance has now been recognized with pharmacologic 
nitrate therapy as well. The development of toler- 
ance to nitrate preparations is not limited to a 
specific route of administration but occurs with all 
forms of drug delivery that maintain continuous 
blood levels of the drug. By contrast, short-acting 
nitrate preparations such as sublingual tablets? and 
the spray form? are not associated with tolerance 
during normal therapeutic use. Factors that have 
been recognized as important in the development 
of tolerance to nitrates include magnitude of the 
dose, frequency of administration, duration of 
therapy, plasma nitrate levels, and pharmacoki- 
netic profile of the specific nitrate (Table I). 
Tolerance is not confined to a specific type of 
patient. It has been associated with treatment for 
both ischemic syndromes and congestive heart 
failure. 


NITRATE TOLERANCE WITH ORAL, 
INTRAVENOUS, AND SUBLINGUAL 
ADMINISTRATION 

Both definitions of nitrate tolerance—the re- 
duced effect of a particular dosage and the need 
for higher doses to maintain efficacy—were illus- 
trated by Thadani et al.* This investigation was 
conducted in 12 patients with angina pectoris who 
were treated with placebo and oral doses of 15, 30, 
60, and 120 mg of isosorbide dinitrate (ISDN). A 
single oral dose of ISDN produced a dose-related 
increase in treadmill walking time to the onset of 
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TABLE I Factors Influencing Development of Nitrate Tolerance 


@ Dose 
e Dosing interval 


@ Duration of therapy 
èe Plasma levels 
@ Pharmacokinetics 





angina that persisted for up to 8 hours after 
administration (Figure 1). After several weeks of 
sustained therapy, the response to the various dose 
levels of ISDN was attenuated. Some therapeutic 
benefit was still apparent 1-2 hours postadministra- 
tion, although the effect was less than that seen 
with acute therapy. After more than 2 hours, 
however, treadmill walking time with ISDN ther- 
apy was no different from that seen after adminis- 
tration of placebo. The unaltered dose of the drug, 
therefore, had a dimmished clinical effect that was 
also of shorter duration. 

A placebo-controlled study by Jugdutt and War- 
nica’ demonstrated the rapid development of toler- 
ance to a modest dose of intravenous nitroglycerin 
in patients with acute myocardial infarction. This 
patient population required an increasing dose of 
nitroglycerin to achieve the desired hemodynamic 
effect, defined as a 10% decrease in mean blood 
pressure in normotensive patients and a 30% 
decrease in hypertensive patients. The initial mean 
infusion rate required to achieve the target blood 
pressure level was 45 + 34 g/min. Within a mean 
of 11 + 9 hours, an increase of 30 + 39 wg/min was 
required to maintain the desired response. 


Tolerance to intravenous nitroglycerin has also 
been observed in patients with congestive heart 
failure treated with a continuous infusion of the 
drug. Packer et alf reported a favorable short-term 
effect of constant nitroglycerin infusion in 24 pa- 
tients with severe chronic heart failure. After 2 
hours of continuous nitroglycerin therapy, these 
patients demonstrated statistically significant in- 
creases in stroke—volume index and significant 
decreases in left ventricular (LV) filling pressure, 
mean arterial pressure, systemic vascular resis- 
tance, and mean right atrial pressure (MRAP). By 
48 hours, however, mean arterial pressure, LV 
filling pressure, and MRAP had returned to pre- 
treatment values, and the increases in stroke- 
volume index and the decreases in systemic vascu- 
lar resistance were markedly attenuated. The 
minimal change in mean arterial pressure, LV 
filling pressure, and MRAP following the discontin- 
uation of nitroglycerin infusion provided further 
evidence of the loss of therapeutic efficacy. 

May et al’ noted a diminished response of 
coronary sinus blood flow to continuous intracoro- 
nary infusion of nitroglycerin after 24 hours. Be- 
fore the start of the infusion, study subjects, most 
of whom had coronary artery disease, demon- 
strated progressive increases in coronary sinus 
blood flow in response to graded doses of 10, 25, 
50, and 100 ug of intracoronary nitroglycerin. A 
substantial reduction in this response occurred 
within 1 day of the start of nitroglycerin infusion. 

Like oral ISDN and intravenous nitroglycerin 
therapy, transdermal nitrate delivery has also been 
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associated with the development of tolerance. In a 
double-blind, placebo-controlled crossover study 
by Parker and Fung, patients with chronic stable 
angina received sustained therapy with a nitroglyc- 
erin patch of 30 cm’, which delivered approxi- 
mately 15 mg of nitroglycerin over a period of 24 
hours. After 1-2 weeks, treadmill walking times to 
the onset of angina and to the development of 
moderate angina were no different from values 
recorded during placebo therapy (Figure 2). 


FEATURES OF NITRATE TOLERANCE 

Fortunately, nitrate tolerance is generally par- 
tial rather than absolute, as demonstrated by data 
from several of the studies already described. In 
the trial by Jugdutt and Warnica,° for example, 
mean blood pressure and the rate—pressure prod- 
uct between hour 12 and hour 48 did not differ 
substantially between nitroglycerin-treated and pla- 
cebo-treated patients. Nevertheless, throughout 
the period of infusion, left ventricular (LV) asyn- 
ergy, LV end-diastolic dimension and volume, and 
LV ejection fraction in patients receiving nitroglyc- 
erin were improved compared with values re- 
corded in these same patients at baseline and with 
values recorded in a placebo treatment group. In 
addition, an analysis of data from individual pa- 
tients indicated significant hemodynamic tolerance 
to nitroglycerin in only 37 (24%) of the 154 study 
subjects. The effect of the drug was maintained in 
the other patients. 

Patients treated with a 24-hour infusion of 
nitroglycerin in the study by May et al did show 
some increase in coronary sinus blood flow in 
response to intracoronary nitroglycerin, although 
the percentage increase was smaller than that 
noted before the nitroglycerin infusion.’ At the 
initial evaluation, increases in coronary sinus blood 
flow ranged from approximately 25% with 10 ug of 
intracoronary nitroglycerin to nearly 50% with the 
100 wg dose. After a 24-hour infusion of nitroglyc- 
erin, increases fell to between 20 and 30%. 

As mentioned, Parker and Fung® noted in their 
crossover study that treadmill walking time was 
similar during sustained transdermal therapy with 
an active 30 cm? nitroglycerin patch and during 
treatment with a placebo patch. However, despite 
the loss of the initial efficacy of transdermal nitro- 
glycerin, patients still demonstrated a significant 
increase in walking time to the development of 
moderate angina in response to a 0.6 mg dose of 
sublingual nitroglycerin (see Figure 2). 

Another feature of nitrate tolerance is its rapid 
disappearance. After a relatively brief period of 





nitrate abstinence, responsiveness can usually be 
restored. In addition, tolerance does not develop 
with the use of sublingual preparations and nitro- 
glycerin sprays that provide very abrupt rises and 
falls in blood drug levels. Intermittent dosing 
strategies that provide a nitrate-free interval may 
therefore be the key to the prevention of nitrate 
tolerance. Although the optimal period of absti- 
nence has not yet been determined, it is likely to be 
relatively brief, and measured in hours. Such a 
dosing strategy may not only obviate the develop- 
ment of tolerance but also provide a practical 
approach to patient management. 


INTERMITTENT NITRATE ADMINISTRATION TO 
CIRCUMVENT TOLERANCE 

Data obtained in clinical investigations support 
the value of intermittent nitrate administration as a 
means of preventing the development of nitrate 
tolerance. Parker et al? evaluated the effect of 
sustained therapy with a daily dose of 30 mg of 
ISDN given according to 3 different dosing sched- 
ules in patients with angina. Patients treated with 
an ISDN regimen 4 times daily showed some 
improvement in treadmill walking time to the onset 
of angina and the development of moderate angina 
at 1 hour following drug administration (Figure 3). 
At the 3- and 5-hour postdose evaluations, how- | 
ever, these values did not differ significantly from 
those in patients treated with placebo. In contrast, 
a beneficial effect relative to placebo was apparent 
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FIGURE 2. Treadmill walking time (TWT) (standard error of 
the mean) to the onset of angina (P,) and the development 
of moderate angina (P2) in patients treated with an active 
nitroglycerin patch, 30 cm? (A), and a placebo patch (P,) 
and in response to sublingual nitroglycerin (NTG<,). 
(Adapted with permission from Am J Cardiol.*) 
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at all evaluation periods in patients receiving ISDN 
2 or 3 times daily. 

As indicated before, heart failure patients 
treated by Packer et al® with a continuous infusion 
of nitroglycerin gained immediate hemodynamic 
benefits but became tolerant to the drug within 48 
hours. With intermittent infusion of nitroglycerin, 
however, the initial positive effects of the drug on 
LV filling pressure, MRAP, mean arterial pres- 
sure, systemic vascular resistance, and stroke- 
volume were maintained. When intermittent nitro- 
glycerin was discontinued, these drug-induced 
effects were reversed. This return to pretreatment 
values did not occur when the continuous infusion 
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FIGURE 3. Changes from control 
values in treadmill 


given 2 
(b.i.d.), 3 (t.1.d.), and 4 (q.i.d.) 
times daily. (Adapted with 
mission from N Engi J Med.°) 
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was stopped, because efficacy had already been 
lost. 

An intermittent dosing strategy also appears to 
be effective in preventing tolerance to transdermal 
nitrate therapy, as reported by DeMots and Glass- 
er.!° These investigators evaluated the response of 
angina patients to various sizes of nitroglycerin 
patches, ranging from 10-40 cm,” that were worn 
continuously for a 12-hour period and then re- 
moved for a 12-hour drug-free interval. After 1 
month of therapy, the increase in time to moderate 
angina that had been observed on the first day of 
therapy was maintained with the larger nitrate 
patches of 30 and 40 cm? (Figure 4). 


FIGURE 4. Mean changes from 
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CLINICAL CONSIDERATIONS WITH 
INTERMITTENT NITRATE THERAPY 

The data obtained in the foregoing studies 
indicate that intermittent nitrate therapy can pro- 
vide an effective and practical approach to the 
management of ambulatory outpatients. Such an 
intermittent dosing strategy is believed to allow 
time for the recovery of the mechanisms responsi- 
ble for the therapeutic effect of nitrates. The 
optimal duration of the nitrate-free interval is still 
under investigation. The information available at 
this time, however, suggests that a period of absti- 
nence of more than 8 hours is needed to maintain 
responsiveness to nitrates. 

The appropriate nitrate-free interval in patients 
receiving intravenous nitroglycerin is unclear and 
appears to be dependent on both the dose and the 
duration of therapy. Furthermore, continuous ther- 
apy is generally desirable in the types of patients 
receiving intravenous nitroglycerin, such as those 
with unstable angina. The fact that nitrate toler- 
ance is partial rather than absolute would appear 
to play an important role in the successful manage- 
ment of these patients. Constant infusion of nitro- 
glycerin is likely to continue to provide some 
benefit, even though the effect may diminish over 
time. Large increases in the nitroglycerin dose 
should also help maintain efficacy in these patients 
until definitive therapy can be initiated. 

Another concern with the use of intermittent 
nitrate dosing strategies is the potential for break- 
through symptoms to occur during the period of 
nitrate withdrawal. In some cases symptoms may 
actually be worse toward the end of the dosing 
interval than before the start of nitrate therapy, a 
phenomenon that has been termed the “zero-hour 
effect.”!' These breakthrough or rebound effects 
have not presented significant problems in clinical 
practice, largely because very few patients receive 
nitrates as monotherapy. Rather, most patients 
with ischemic heart disease or heart failure also 
receive concomitant therapy with other agents, 
such as B blockers or calcium antagonists; thus, 
nitrate tolerance is not always recognized. 

The development of nitrate tolerance during 
intermittent therapy may not invariably result in 
the recurrence of symptoms but may be manifested 
in subclinical form, such as episodes of silent 
ischemia. Consequently, monitoring the frequency 
of both symptomatic and silent ischemia may be 
advisable during the nitrate-free interval. The find- 
ings can then be used to adjust therapy so as to 
maintain the therapeutic efficacy of the nitrate 
preparation. 
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Other approaches to obviate nitrate tolerance 
have included treatment with a sulfhydryl donor, 
such as N-acetylcysteine.!? Results of this method 
have been inconsistent.'? Non-sulfhydryl mecha- 
nisms, such as activation of neurohumoral factors 
and increase in blood volume, have also been 
considered to play a role in the development of 
nitrate tolerance.’ 


CONCLUSION 

It is important that physicians be aware of the 
potential for tolerance to develop in patients receiv- 
ing nitrate therapy. Tolerance can usually be man- 
aged by adjustments in the dosing strategy or a 
change in the type of nitrate prescribed. Avoidance 
of maximum nitrate doses and the incorporation of 
a nitrate-free interval into the dosing schedule are 
among the measures that should be helpful in 
reducing the occurrence of nitrate tolerance. 
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DISCUSSION 

Dr. Richard Gorlin: Would you recommend a 
morning dose of nitroglycerin followed 4—6 hours 
later by a higher afternoon dose and then a 
nighttime nitrate-free interval for a patient with 
stable angina? 

Dr. Ezra A. Amsterdam: That is an interesting 
approach, but its effectiveness must be evaluated 
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on an individual basis. For instance, such a regimen 
would be appropriate for a patient who is experienc- 
ing more angina during the late hours of the day or 
who is more active in the afternoon. 

In the past, angina was thought to occur infre- 
quently during the night, and nighttime therapy 
was therefore considered to be unnecessary. Dur- 
ing the past few years, we have become aware that 
patients may develop nocturnal angina as nitrate 
levels fall and protection decreases. In fact, in 
some patients it may be advisable to reverse the 
period of active nitrate therapy and the nitrate-free 
interval, against a background of concomitant ther- 
apy. Although general guidelines for the use of 
nitrates have been developed, the optimal dosing 
strategy must be determined on an individual basis. 
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Participant: You have associated this nitrate- 
free interval with the potential for both break- 
through symptoms and rebound. Do you believe 
that long-acting forms of nitroglycerin should never 
be used alone for the management of angina? 

Dr. Amsterdam: You must remember that 
breakthrough symptoms were seen in a subgroup 
of patients. If you are uncertain about the risk of 
breakthrough, that might be a very helpful admoni- 
tion. Breakthrough may be symptomatic or may be 
manifested as silent ischemic episodes, which are 
now considered to be clinically important. To 
ensure that breakthrough is not occurring, you 
must do more than question your patient about 
symptoms. If you are unsure as to whether this is 
occurring, it is reasonable to avoid monotherapy. 
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Pharmacokinetics of Isosorbide Mononitrate 


Ulrich W.P. Abshagen, MD 





Pharmacokinetic studies show that isosorbide 
mononitrate is rapidly absorbed after oral admin- 
istration, reaches peak concentrations within an 
hour, undergoes no significant first-pass metabo- 
lism, and is virtually 100% bioavailable. The half- 
life is approximately 5 hours, the volume of distri- 
bution is 0.62 liter/kg, and the systemic 
clearance is 115 mL/min. Only 1—2% of an orally 
administered dose is excreted unchanged in the 
urine, with the remainder being eliminated as in- 
active metabolites. Isosorbide mononitrate fol- 
lows dose-linear kinetics after single and multi- 
ple doses. Its pharmacokinetic profile is 
consistent and highly reproducible and is un- 
changed in the elderly and in patients with coro- 
nary artery disease, renal failure, or liver cirrho- 
sis. An asymmetrical dosage regimen of 
isosorbide mononitrate has been shown to pro- 
vide antianginal efficacy for at least 12 hours. 
Because asymmetrical dosing creates irregular, 
sawtooth-like changes in plasma concentrations 
and a fall below a critical threshold level during 
the night, tolerance does not develop. 

(Am J Cardiol 1992;70:61G—66G) 


From the Pharmaceutical Division, Boehringer Mannheim Interna- 
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he conception and subsequent development 
l of isosorbide mononitrate as an antianginal 
agent was prompted by a provocative over- 
statement exactly 20 years ago by the U.S. pharma- 
cologist Philip Needleman, who contributed so 
much to the field of nitrate pharmacology and 
biochemistry. Needleman found that nitrate doses 
that effectively lowered blood pressure when in- 
jected into the jugular vein in rats had no effect 
when injected into the portal vein.’ On the basis of 
these experiments, he claimed that oral therapy 
with organic nitrates was a placebo. 

Although such a blanket statement would seem 
ludicrous to us today, Needleman was actually 
correct in pinpointing a critical pharmacologic 
weakness of the oral nitrates that were available at 
that time: all were subject to very high first-pass 
extraction through the liver. For example, the 
first-pass extraction of nitroglycerin is more than 
95%, so that less than 5% of an administered dose 
reaches the systemic circulation after oral adminis- 
tration. In the case of isosorbide dinitrate, 70-80% 
of a given oral dose is degraded by the first pass 
through the liver. 

These observations stimulated intensive investi- 
gation into the first-pass metabolism and vasoactiv- 
ity of isosorbide dinitrate and its metabolites. We 
knew that the principal metabolic degradation 
reaction was denitration and that the affinity of 
hepatic enzyme glutathione S-transferase was high- 
est for the dinitrate, lower for the 2-mononitrate 
metabolite, and lowest for the 5-mononitrate me- 
tabolite. Our working hypothesis was that first-pass 
metabolism should follow the same sequence, and, 
indeed, we found that the 5-mononitrate persisted 
in plasma for many hours after the disappearance 
of the parent compound. First-pass extraction of 
the 5-mononitrate was less than 5%, making this 
compound the only oral nitrate to be nearly 100% 
bioavailable. The negligible first-pass extraction 
more than compensated for the lower intrinsic 
vasoactivity of the metabolite, relative to the par- 
ent compound. 

Once the oral bioavailability of isosorbide mono- 
nitrate was established, the century-old contro- 
versy over the development of nitrate tolerance 
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remained to be addressed. Since the determinant 
of tolerance development is continuously high 
concentrations, we performed intensive studies in 
chronically instrumented conscious dogs in which 
we varied the half-life and the dosing interval. On 
the basis of these studies, we were able to design a 
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FIGURE 2. Dose—iinear pharmacokinetics of isosorbide-5- 
mononitrate (IS-5-MN). Total areas under the plasma con- 
centration curves (AUC) after single oral doses of IS-5-MN: 
in healthy volunteers (10—50 mg); patients with New York 
Heart Association class Ill cardiac failure (60 mg); and cor- 
onary patients (80 mg). (Adapted with permission from 
Springer Veriag.’) 
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IV infusion (20 mg for 1 hour; 

n = 11) --- = oral dose (20 mg; 

n = 20). (Adapted with permis- 
sion from Eur J Clin Pharmacol.) 


rational dosage regimen that would minimize the 
development of tolerance in patients. 


PHARMACOKINETIC PROFILE 

Absorption, distribution, clearance: The 
plasma concentration-time curve following intra- 
venous infusion of 20 mg isosorbide mononitrate 
over 1 hour is virtually superimposable on the 
curve that follows oral administration of the same 
dose (Figure 1).? This superimposability signifies 
100% bioavailability and the absence of any first- 
pass metabolism. The elimination half-life of the 
mononitrate is approximately 5 hours. Isosorbide 
mononitrate is absorbed rapidly, with maximum 
concentrations being reached within 60 minutes of 
oral administration. The volume of distribution is 
approximately the volume of total body water (0.6 
liter/kg), which is considerably smaller than that of 
the more lipophilic compounds isosorbide dini- 
trate and nitroglycerin. Total body clearance is 
115-120 mL/min, and plasma protein binding is 
negligible. 

Metabolism: Only about 2% of an administered 
dose is excreted unchanged in the urine within 24 
hours after oral administration of a 20 mg dose.’ 
Approximately 30% is excreted as isosorbide, which 
has an elimination half-life of 8 hours, and 17% as 
the 2-glucuronide of the mononitrate, which has an 
elimination half-life of 6 hours.* The high renal 
clearance of the 2-glucuronide (1.8 liters/min) 
provides evidence for intrarenal glucuronidation as 
the major form of metabolism.° The remainder of 
the mononitrate dose is presumably further de- 
graded to sorbitol and other compounds. None of 
these metabolites is vasoactive, which means that 
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FIGURE 3. Mean plasma concen- 
trations (ng/mL) of isosorbide-5- 
mononitrate (IS-5-MN) in patients 
with coronary artery disease 
given 20 mg IS-5-MN 3 times daily 
during 1 week (open circles; 

n = 18) versus mean plasma con- 
centrations after a single oral 
dose in young healthy volunteers 
(solid circles; n = 20). The dashed 
line represents a computer simu- 
lation curve of the expected val- 
ues during steady state, demon- 
strating dose—inear kinetics of 0 4 
IS-5-MN after multiple as well as 

after single dosing. (Adapted with 
permission from Med Weit.°) 


Day 1 Days 


after isosorbide mononitrate is administered, only 
one active compound is present and that com- 
pound is nearly 100% bioavailable. This metabolic 
pattern contrasts with the more complicated phar- 
macokinetics seen during chronic therapy with 
other nitrates, when a variable mixture of metabo- 
lites with different activities is present. For exam- 
ple, it has been pointed out that during long-term 
treatment with nitroglycerin, an accumulation of 
active metabolites contributes progressively more 
to the drug’s effects, so that plasma nitroglycerin 
levels do not fully reflect total drug activity in the 
body.°® 

Kinetics at different single doses: To ascer- 
tain whether isosorbide mononitrate follows dose- 
linear kinetics, we compiled data from different 
studies and plotted the areas under the plasma 
concentration curves (AUCs) against the doses 


FIGURE 4. Serum concentrations 
versus time of isosorbide-5-mo- 
nonitrate (IS-5-MN) in patients 
with renal failure, following oral 
administration of 20 mg IS-5-MN. 
--- = healthy volunteers (n = 20); 
..» = patients with renal failure 
creatinine clearance 4.3—40.5 
mL/min; n = 20). (Adapted with 
permission from Med Weilt.*°) 
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(10-80 mg) used (Figure 2).’ This revealed a 
perfect linear relation following single oral doses of 
isosorbide mononitrate. 

Kinetics after multiple dosing: Isosorbide dini- 
trate follows dose-linear kinetics after single doses 
but deviates from linearity during chronic therapy 
as a result of competitive inhibition of the enzyme 
glutathione S-transferase by the drug’s metabo- 
lites.’ This finding raised the issue of whether the 
dose linearity of isosorbide mononitrate would also 
hold under chronic conditions. To answer this 
question, plasma isosorbide mononitrate concentra- 
tions were measured during a week-long course of 
therapy with 20 mg 3 times daily in 18 patients with 
coronary artery disease. The plasma levels within 
one dosage interval during steady state proved to 
be similar to the plasma levels following a single 
oral dose of 20 mg in healthy young volunteers 
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(Figure 3).? These results indicated that isosorbide 
mononitrate follows dose-linear kinetics after mul- 
tiple as well as after single dosing. 

Pharmacokinetic variability: Because isosor- 
bide mononitrate is completely absorbed and does 
not undergo first-pass metabolism, its pharmacoki- 
netic parameters are highly reproducible. The 
coefficients of variation of mean plasma concentra- 
tions and related pharmacokinetic parameters are 
low and do not exceed 18-20% after single and 
multiple dosing.” 

Influence of age, renal impairment, and 
cirrhosis on pharmacokinetics: There are no 
age-related differences in the pharmacokinetics of 
isosorbide mononitrate.’ This is an important con- 








MN) in patients with liver cirrho- 
sis and in normal subjects: intra- 
venous (IV) and oral (po) doses of 
20 mg IS-5-MN. Columns repre- 
sent median values; vertical lines 
indicate the range. The factor for 
conversion of the units on the 
ordinate into the correct value of 


max 

time to C.,,,,; t12 = plasma half- 
life; V, = volume of distribution; 
Cl = clearance; Cl, = renal clear- 
ance; I = i.v. liver patients n = 6, 
(|_| = p.o. liver patients N = 6; Z = 
p.o. volunteers N = 6. (Adapted 
with permission from Akpan et 


al.) 


De 


sideration, given that many patients with angina 
are elderly. 

Since isosorbide mononitrate is eliminated by 
metabolism and only negligible amounts appear in 
the urine, no alterations in pharmacokinetics are 
seen in renal impairment, even at creatinine clear- 
ances as low as 4.3 mL/min (Figure 4).!° 

The pharmacokinetics of isosorbide mononi- 
trate are also unchanged in patients with biopsy- 
proven cirrhosis and gross decreases in antipyrine 
clearance (Figure 5).!! We also saw no effect on 
concentration—time course and AUC in a patient 
who underwent an end-to-side portacaval shunt 
operation. This is in contrast to what has been 
reported with nitroglycerin, the metabolism of 


FIGURE 6. Plasma levels of iso- 
sorbide mononitrate (IS-5-MN, 
„g/liter; --) and pulmonary capil- 


49}1|/611 


acute myocardial infarction who 
were given a single oral dose of 
80 mg IS-5-MN. (Adapted with 
permission from Med Welt. £) 
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FIGURE 7. Mean steady-state plasma concentrations after 
4 days of asymmetrical dosing with isosorbide-5-mononi- 
trate (IS-5-MN) 20 mg twice daily (---) or sustained-release 
isosorbide dinitrate (ISDN) 40 mg 3 times daily (. . . .). 
(Adapted with permission from Springer Verlag.) 


which is more complex and intensive. Using digital 
plethysmography, Porchet and Bircher!? showed 
that in cirrhotic patients with an end-to-side anas- 
tomosis, the bioavailability of nitroglycerin in- 
creased from 2% to 100%. 

Correlation between plasma concentrations 
and effects: The pharmacokinetic profile of isosor- 
bide mononitrate is simple, consistent in different 
populations, and highly predictable in clinical use. 
Thus, we can expect a clear correlation between 
the dose administered, the plasma concentration 
achieved, and the response elicited. An example is 
shown in Figure 6, where the time course of the 
decrease in pulmonary capillary wedge pressure 
closely follows the time course of plasma isosor- 
bide mononitrate concentrations in patients with 
acute myocardial infarction. 


AVOIDING TOLERANCE: THE SAW-TOOTHED 
PHENOMENON 

Another key issue is whether the development 
of tolerance can be avoided during chronic oral 
nitrate therapy. Using an asymmetrical dosage 
regimen (20 mg given at hours 0 and 7), isosorbide 
mononitrate has provided antianginal efficacy for 
at least 12 hours as demonstrated by exercise stress 
testing.'4 In a separate pharmacokinetics study 
using the same dosage regimen of isosorbide mono- 
nitrate, mean plasma concentrations were 60—400 
mg/mL.'° Because asymmetrical dosing creates 
irregular, saw-toothedlike changes in plasma con- 
centrations and a fall below a critical threshold 
level during the night, tolerance to isosorbide 
mononitrate does not develop. Figure 7 shows the 
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FIGURE 8. Increase in exercise time during therapy with 
isosorbide-5-mononitrate (IS-5-MN, 20 mg twice daily) 


contrast between the saw-toothed phenomenon 
following 4 days of asymmetrical dosing with isosor- 
bide mononitrate and the nearly flat, continuous, 
steady-state plasma levels of the mononitrate fol- 
lowing therapy with sustained-release isosorbide 
dinitrate, 40 mg 3 times daily.'° This difference 
translates into improved exercise time during 
chronic therapy with isosorbide mononitrate com- 
pared with the dinitrate (Figure 8).'° 


CONCLUSION 

Isosorbide mononitrate has a straightforward 
pharmacokinetic profile, virtually 100% bioavail- 
ability, and dose-linear kinetics. The pharmacoki- 
netics of the drug are not altered in elderly individ- 
uals or in patients with coronary heart disease, 
renal failure, or hepatic dysfunction. The use of 
asymmetrical dosing regimens circumvents the 
problem of tolerance during long-term anti- 
ischemic therapy by enabling the nitrate receptors 
to regenerate or compensatory mechanisms to 
come into play. In addition, we can provide pa- 
tients with an antianginal agent that approximates 
physiologic replacement therapy, since endotheli- 
um-derived relaxing factor is most likely nitric 
oxide, which is the active principle of nitrates. 
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DISCUSSION 

Dr. Uri Elkayam: We have been measuring the 
concentrations of isosorbide-5-mononitrate after 
the administration of isosorbide dinitrate to pa- 
tients with heart failure, and it is clear that there is 
no hemodynamic correlation with the levels of the 
metabolites. Is this because the levels of the metab- 
olites are too low? 

Dr. Ulrich W.P. Abshagen: It is difficult to 
show a relationship because of the presence of 3 
moieties—isosorbide dinitrate, isosorbide-2-mono- 
nitrate, and isosorbide-5-mononitrate—with differ- 
ent intrinsic vasoactivity and different kinetics. 
Demonstration of a relation during chronic ther- 
apy would require weighting the contributions of 
the 3 active moieties in a superimposed model. 
Since only 1 active moiety is present during isosor- 
bide mononitrate therapy, you have a clearer 
picture that can be more readily correlated with 
the hemodynamic effects. 

Dr. Uri Elkayam: Do you have information on 
the pharmacokinetics of isosorbide mononitrate in 
patients with severe congestive heart failure? 

Dr. Abshagen: The data show that the pharma- 
cokinetics of isosorbide mononitrate in patients 
with New York Heart Association class III or IV 
heart failure do not differ from what is seen in 
normal subjects.! 
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Efficacy of Isosorbide Mononitrate in Angina 
Pectoris 


Udho Thadani, MBBS, MRCP, FRCP(C), FRS, and Philip J. de Vane, MD 


The rapid development of tolerance has limited 


the applicability of oral and transdermal nitrates 
in the long-term management of patients with 
chronic stable angina pectoris. Recent well-con- 
trolled trials have demonstrated that asymmetri- 
cal, or eccentric, dosing of oral isosorbide mono- 
nitrate, in which 20-mg doses are taken at 8 a.m. 
and 3 p.m., provides at least 12 hours of antiangi- 
nal coverage. There is no evidence for the devel- 
opment of tolerance with this schedule, which 
allows for a 17-hour nitrate withdrawal period. 
Likewise, the asymmetrical 20-mg twice daily 
regimen has not been associated with the zero- 
hour effect that has been reported with higher 
oral doses of isosorbide mononitrate and with 
intermittent nitroglycerin patch therapy. This ap- 
proach also avoids the development of a clinical 
rebound phenomenon, as measured by increased 
episodes of angina and nitroglycerin consump- 
tion, compared with the pretreatment period, dur- 
ing the nitrate-free interval at night and the early 
hours of the morning. 

(Am J Cardiol 1992;70:67G—71G) 
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Ayerst Research, Radnor, Pennsylvania (P.J.V.). 

Address for reprints: Udho Thadani, MBBS, Cardiology Sec- 
tion, OUHSC, 920 Stanton Young Boulevard, Room 5SP-300, 
Oklahoma City, Oklahoma 73104. 


he main limitation of long-term prophylac- 
tic nitrate therapy for angina pectoris has 
been the development of tolerance, which 
may render these agents ineffective.'° Isosorbide 
mononitrate. an active metabolite of isosorbide 
dinitrate, has been proved in clinical trials to be an 
effective antianginal compound that can be admin- 
istered twice daily with the development of little or 
no tolerance over the long term. Recent evidence, 
reviewed here, supports the utility of an asymmetri- 
cal, or eccentric, dosing schedule in providing 
antianginal and anti-ischemic benefit for at least 
12 hours, with efficacy sustained during chronic 
therapy. 


THE CHALLENGE OF TOLERANCE: HISTORICAL 
BACKGROUND 

When the development of tolerance was first 
linked to chronic oral therapy with isosorbide 
dinitrate, it was suggested that an 8- or 10-hour 
nitrate-free interval might avoid this problem. 
However, early studies by Thadani et al! showed 
that during four times daily therapy with isosorbide 
dinitrate, the last dose of medication, taken 10 
hours prior to the morning dose, was insufficient to 
prevent tolerance, and the morning dose provided 
efficacy for only 1-2 hours. 

Subsequent studies showed that tolerance to the 
circulatory and antianginal effects of transdermal 
nitroglycerin patches developed within 24 hours of 
patch application.® At 4 hours, there were signifi- 
cant increases in total exercise time (456 seconds 
with the patch versus 338 seconds with placebo) 
and in duration of exercise to the onset of angina 
(383 versus 257 seconds) and significant decreases 
in ST-segment depression (0.6 mm with the patch 
versus 1.0 mm with placebo), but these improve- 
ments were not sustained at 24 and 48 hours.® This 
attenuation of drug effect occurred despite stable 
plasma concentrations and irrespective of patch 
size. 

In subsequent studies, a sustained-release formu- 
lation of isosorbide-5-mononitrate was used to 
determine the duration of drug effect and its 
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relationship to plasma concentration during a 
course of once-a-day therapy.” Both 50 mg and 100 
mg were effective in increasing exercise time to the 
onset of angina and total exercise duration at 4 
hours after the first dose, but not at 20 or 24 hours. 
However, after 1 week of therapy in this crossover 
study, antianginal and anti-ischemic effects were 
lost, even at 4 hours after dosing. Although plasma 
drug concentrations declined progressively over 
time, they remained consistently within the thera- 
peutic range. 

These findings raised the possibility that the 
development of tolerance might be avoided by the 
administration of smaller doses twice daily to 
achieve fluctuating plasma drug levels and ensure a 
relatively low drug concentration before the morn- 
ing dose. Thadani et alë therefore conducted a 
double-blind, randomized, crossover trial to evalu- 
ate the efficacy of 20 and 40 mg of isosorbide-5- 
mononitrate given every 12 hours. They found 
significant increases in exercise duration 2 and 6 
hours after the first dose. After 1 week of the 
twice-daily regimen, however, the 2-hour peak 
effect was reduced, and no significant increase in 
exercise duration could be demonstrated at 6 or 10 
hours, despite higher plasma drug concentrations. 
Thus, treatment at 12-hour intervals was associ- 
ated with the development of partial tolerance. 

Other studies likewise pointed to a risk of 
tolerance with continuous treatment. A double- 
blind crossover study by Cowan et al’ indicated 
that any improvements in exercise time and de- 
creases in ST segment depression were lost after 1 
week of continuous patch treatment. In contrast, 
with an intermittent therapy regimen, in which 
patients received a 10-mg patch at 8 A.M. and a 
placebo patch at 8 P.M., the beneficial effects were 
maintained and tolerance did not develop. 

The rationale for current 2- and 3-times-a-day 
dosing schedules for isosorbide dinitrate was pro- 
vided by a study of 12 patients conducted by Parker 
et al.!° In this study, increases in exercise duration 
relative to placebo remained statistically significant 
1, 3, and 5 hours after dosing, despite some 
attenuation as compared with the first dose. How- 
ever, a more recent study by Bassan'! has shown 
that long-term therapy with isosorbide dinitrate 3 
times daily yields, at best, 6 hours of antianginal 
efficacy during a 24-hour interval, with the magni- 
tude of the effect declining with each successive 
dose during the day. According to the results of 
this study, exercise time increased 1 hour after the 
daily 8 A.M. and 1 P.M. doses but returned to control 
levels within 3 hours of each dose. After the third 
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daily dose, virtually no increase in exercise time 
could be demonstrated. Thus, the conventional 
3-times-daily regimen of isosorbide dinitrate, used 
confidently by so many physicians, actually affords 
only limited protection against effort-induced 
angina. 


CLINICAL TRIALS OF ISOSORBIDE 
MONONITRATE 

The development process for isosorbide mono- 
nitrate has mirrored the continuing controversies 
about nitrate therapy. The major issues have in- 
cluded not only efficacy, safety, duration of effect, 
and tolerance but also 2 concerns related to inter- 
mittent dosing schedules: time-zero (or zero-hour) 
effects and rebound. Time-zero refers to a worsen- 
ing in exercise performance on a stress test just 
before the morning dose of the active medication 
(hence zero-hour) relative to the performance at 
the same time during placebo therapy. Rebound is 
an increase in angina attacks during the withdrawal 
period compared with the pretherapy period, par- 
ticularly in the early morning hours. 

The clinical utility of isosorbide mononitrate 
was established in 5 controlled studies involving a 
total of 473 patients with angina pectoris. In all of 
these studies, stress test data were obtained before 
dosing and at 1, 4, and 7 hours after dosing, 
following a single dose, and after 2 or 3 weeks of 
chronic therapy; one study obtained data for the 
afternoon (at 2 and 5 hours after dosing) as well as 
the morning dose. Primary efficacy, secondary 
efficacy, and duration of effect were evaluated. The 
primary efficacy variable was peak effect, defined 
as the longest time to moderately severe angina 
during stress tests at any of the time points. 
Secondary efficacy was determined as the time to 
moderately severe angina during the stress tests 
conducted at the designated hours after the morn- 
ing or afternoon dose, and duration of effect was 
measured at the stress test 7 hours after the 
morning dose or 5 hours following the afternoon 
dose. 

Tolerance and time-zero effects at different 
dose levels: An early placebo-controlled study of 
asymmetrical dosing revealed a time-zero effect 
with a 60-mg dose but not with a 40-mg or 20-mg 
dose (unpublished data). In addition, although 
higher plasma drug levels were achieved with 
40-mg and 60-mg doses than with the 20-mg dose, 
the higher doses offered little advantage in terms of 
clinical efficacy and were associated with a less 
favorable safety profile. Evidence of efficacy was 
weaker for the 60-mg dose than for either the 20- 
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or the 40-mg dose. The clear attenuation of effect 
with higher doses suggests tolerance is a function 
not only of the dosing schedule but also of the dose 
levels attained. 

A subsequent study demonstrated that exercise 
performance was significantly greater after single 
doses of either 10 or 20 mg of isosorbide mononi- 
trate than after placebo (unpublished data). The 
data suggested slight superiority of the 20-mg dose 
over a 10-mg dose after multiple dosing. A time- 
zero effect was noted with the 10-mg dose but not 
with the 20-mg dose. The results of this study must 
be viewed with caution, however, in light of the 
finding of statistically significant treatment group- 
by-center effects. 

Asymmetrical twice-daily isosorbide mono- 
nitrate versus conventional 3-times-daily iso- 
sorbide dinitrate: A pivotal study!? compared the 
effects of isosorbide mononitrate, 20 mg given 
asymmetrically at 8 A.M. and 3 P.M., and the effects 
of a standard regimen of sustained-release isosor- 
bide dinitrate, 40 mg taken at 8 A.M., 3 P.M., and 10 
P.M., with the effects of placebo. The eccentric 
mononitrate schedule resulted in statistically signif- 
icant increases in mean time to moderately severe 
anginal pain at the time of peak effect and 1 and 4 
hours after drug administration, in comparison 
with placebo. This clinical benefit persisted through- 
out the entire dosing interval, even after chronic 
treatment (Figure 1). In contrast, as Figure 1 also 
shows, after only 2 weeks of treatment, the dini- 
trate was no different from placebo in terms of 
increasing exercise time. The diminution of efficacy 
after multiple doses of isosorbide dinitrate given 3 
times a day is consistent with the development of 
tolerance. No time-zero effect was noted in either 
treatment group. 

Eccentric versus “concentric” isosorbide 
mononitrate: The superiority of unconventional 
isosorbide mononitrate dosing was conclusively 
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established in a trial comparing an eccentric twice- 
daily regimen (20 mg at 8 A.M. and 3 P.M.) with a 
“concentric” twice-daily regimen (20 mg at 8 A.M. 
and 8 P.M.).} Although, during chronic therapy, 
both dosing schedules were effective relative to 
placebo 1 hour after dosing, only with the eccentric 
regimen was efficacy sustained at 4 hours.!* This 
trial and a prevously cited report® also underscored 
2 limitations of the conventional twice-daily regi- 
men: it neither provides antianginal coverage for 
12 hours nor affords a nitrate-free interval that 
is long enough to prevent the development of 
tolerance. 

Duration of efficacy with eccentric dosing: 
The next step was to confirm the efficacy of the 
second daily asymmetrical dose during chronic 
therapy and to make sure that eccentric dosing 
does not pose the risk of rebound or time-zero 
effects on exercise tolerance. To address these 
questions, a multicenter, double-blind, placebo- 
controlled study was conducted, involving 116 pa- 
tients with exercise-induced stable angina.'* After 
2 weeks of therapy, the improvement in exercise 
tolerance at 2 hours, 5 hours, and 7 hours after the 
morning dose was significantly greater (p <0.05) 
than that seen with placebo (Figure 2). The superi- 
ority of the drug to placebo was also evident just 
before the morning dose, indicating the absence of 
a zero-hour effect. Total exercise time was also 
significantly improved, relative to placebo, 2 hours 
and 5 hours after the afternoon dose (Figure 2). An 
interesting observation with both active drug and 
placebo was a decline in evening exercise perfor- 
mance, which may have been a postprandial phe- 
nomenon, fatigue after multiple exercise tolerance 
tests, or diurnal variation. The peak changes in 
total exercise time were nearly identical after the 
morning and afternoon doses. Although total exer- 
cise time achieved after the afternoon dose was 
slightly less than that seen with the morning dose, 
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this reduction in activity was not clinically signifi- 
cant as assessed by exercise tolerance testing. Total 
exercise time was also lower after the afternoon 
dose than after the morning dose in the placebo 
group. Clinical benefit was thus maintained, de- 
spite an apparent attenuation in exercise time after 
the afternoon dose. 

To monitor the possible occurrence of angina 
attacks during the nighttime nitrate withdrawal 
interval, patients were asked to note any such 
attacks in a diary. These records evinced no statisti- 
cally significant difference between active treat- 
ment and placebo in the number of nocturnal 
attacks. Thus, asymmetrical twice-daily therapy 
was associated with no rebound increase in anginal 
attacks during the night or early hours of the 
morning. 

It should be pointed out that 50% of the 
patients in this study were receiving a B blocker.'* 
Although the sample size was too small to permit 
meaningful conclusions, there was nevertheless a 
suggestion of benefit with combination therapy in 
those in whom exercise tolerance was limited 
owing to angina, despite B blocker therapy. 


CONCLUSION 

Well-controlled trials have demonstrated that 
oral isosorbide mononitrate, 20 mg twice daily, is 
an effective antiangimal agent. An asymmetrical 
dosing regimen, in which the drug is taken at 8 A.M. 
and 3 P.M., allows for a 17-hour nitrate withdrawal 
period and provides at least 12 hours of clinical 
benefit. Although higher doses have been impli- 
cated in causing tolerance, there is no evidence for 
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the development of tolerance with 20 or 40 mg of 
isosorbide mononitrate given in an asymmetrical 
dosing schedule that includes a 17-hour withdrawal 
period. Likewise, the 20- or 40-mg asymmetrical 
twice-daily schedule has not been associated with 
the zero-hour effect reported after administration 
of 60 mg twice daily. Chronic therapy with the 
20-mg twice-daily regimen does not lead to a 
clinical rebound phenomenon, as measured by 
episodes of angina and nitroglycerin consumption. 

The recommended dosage of isosorbide mononi- 
trate is 20 mg twice daily given asymmetrically at 7 
A.M. and 3 P.M., i.e., 7 and 17 hours apart. A 
marginal increase in efficacy may be gained from 
the use of a 40-mg twice-daily regimen. Doses 
greater than 40 mg twice daily may be associated 
with a less favorable safety profile and the develop- 
ment of tolerance, and therefore are not recom- 
mended. 

Because the development of tolerance pre- 
cludes continuous nitrate prophylaxis, intermittent 
therapy represents the only rational strategy for 
employing nitrates in the management of stable 
angina pectoris. An intermittent regimen does 
pose the potential drawback of failing to provide 
24-hour antianginal coverage; therefore, some pa- 
tients may require combination therapy with an- 
other class of antianginal agent, such as a B-adren- 
ergic blocker or calcium channel blocker. The 
combined use of a nitrate and especially a dihy- 
dropyridine calcium antagonist must be approached 
very cautiously, because of the possibility of aggra- 
vated hypotension, and should be studied formally. 
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DISCUSSION 

Dr. William H. Frishman: Has the asymmetrical 
twice-daily isosorbide mononitrate regimen been 
compared with an asymmetrical twice-daily dini- 
trate regimen? 

Dr. Philip J. de Vane: A study comparing these 2 
regimens has never been conducted. I suspect that 
the efficacy of the dinitrate would have been 
improved by asymmetrical dosing but that it would 
not have matched the performance of the mononi- 
trate, given the variability in absorption, bioavail- 





ability, and the need for titration of isosorbide 
dinitrate. 

Dr. Ezra Amsterdam: Another appropriate study 
might compare the effects of an asymmetrical 
twice-daily mononitrate regimen with the effects of 
once-daily therapy with the sustained-release for- 
mulation of the dinitrate. 

Dr. de Vane: That would be an interesting 
study. However, a complicating consideration is 
that the dinitrate is essentially a prodrug, the 
kinetics of which are subject to many variables. In 
addition, I am not certain that it is possible to give 
just a single dose of the long-acting dinitrate and 
provide acceptable antianginal coverage. 

Dr. Jay N. Cohn: About 6 years ago, we demon- 
strated that the duration of action of a single 
40-mg dose of sustained-release isosorbide dini- 
trate is 8 hours. Second and third doses of the 
dinitrate do not seem to be valuable if we are 
concerned about the attenuation of drug effect the 
following morning. 

Participant: This raises the question of what 
happens during the overnight interval when the 
patient is not receiving isosorbide dinitrate. Given 
the compelling clinical evidence of a circadian 
increase in early morning ischemia and infarction, 
it might be logical to configure a dosing schedule 
that provided anti-ischemic coverage in the early 
morning and a midday nitrate-free interval. 

Dr. Udho Thadani: It is not clear that the 
morning surge in ischemic events necessarily trans- 
lates into the morning surge in myocardial infarc- 
tions. The patients with stable angina pectoris tend 
to experience angina when they are active and thus 
primarily require daytime coverage. Patients who 
experience chest pain upon waking or in the early 
morning hours often require concomitant therapy 
with another class of an antianginal medication. 
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Optimizing Antianginal Therapy: Consensus 
Guidelines 


eading cardiovascular and family medicine 

specialists who gathered for this consensus 

conference, “Optimizing Antianginal 
Therapy,” formulated the following guidelines on 
the treatment of angina pectoris. Intended for use 
by the practicing physician and in the development 
of educational programs, these guidelines do not 
cover all patients with the disease but focus on the 
typical patient with angina pectoris seen in medical 
practice today. The topics discussed are treatment 
of chronic stable and unstable angina pectoris, 
diagnosis of myocardial ischemia, use of nitrate 
therapy and concomitant therapies, and recogni- 
tion and management of nitrate tolerance. 


CHRONIC STABLE ANGINA PECTORIS 
TREATMENT GUIDELINES 


MODERATOR: Richard Gorlin, MD, Murray M. 
Rosenberg Professor of Medicine, Chairman, Depart- 
ment of Medicine, Mount Sinai Medical Center, New 
York, New York. 


Co-MopERATOR: Harry L. Metcalf, MD, Clinical 
Professor, Department of Family Medicine, State 
University of New York at Buffalo School of Medi- 
cine, Buffalo, New York. 


Clinical presentation: The classic presentation 
of stable angina pectoris is not one of pain but 
rather of discomfort, usually but not always originat- 
ing in the substernal region and radiating to the 
neck, shoulders, arm, or lower jaw, particularly on 
the left side. Symptoms may include pressure, 
burning, a sense of heaviness, dyspnea, faintness, 
and diaphoresis. Although the discomfort is usu- 
ally provoked by exercise, emotional stress, or cold 
and relieved by rest, that pattern of provocation 
and relief is not always present. Many patients with 
angina pectoris, particularly older people and 
women, have an atypical presentation: symptoms 
may not conform to the classic picture; the provoca- 
tion and relief pattern may be absent; and the 
duration of symptoms may vary. Whether classic or 
atypical, however, any of these clinical symptoms 
are particularly significant if they occur in conjunc- 
tion with a family or personal history of hyperten- 


sion, hyperlipidemia, other cardiovascular disease, 
diabetes, or tobacco use. 

Diagnostic workup: In patients who appear to 
have chronic stable angina but who also have 
atypical features, diagnostic tests are done prima- 
rily to clarify the diagnosis. In patients with a 
reasonably typical history and clinical symptoms 
consistent with the diagnosis of chronic stable 
angina, such tests help the physician decide what, if 
anything, should be done about what seems to be 
the anginal syndrome. For most patients, a physical 
examination and an electrocardiogram (ECG) pro- 
vide the first evidence of ischemic, valvular, or 
hypertensive disease. A symptom-limited exercise 
stress test is both cost efficient and especially 
helpful in patients with atypical symptoms or those 
who are asymptomatic but have multiple risk fac- 
tors for cardiovascular disease. Provocational imag- 
ing testing using adenosine or dipyridamole is an 
alternative for patients who cannot tolerate an 
exercise stress test, such as the elderly or people 
with chronic obstructive pulmonary disease or 
degenerative joint disease. 

Radionuclide or thallium imaging procedures 
should be reserved for patients whose ECG read- 
ings indicate such abnormalities as left ventricular 
hypertrophy, repolarization disturbances, and left 
bundle branch block; patients with atypical symp- 
toms and ambiguous ECG readings; and elderly, 
female, and hypertensive patients, who have a high 
likelihood of false-positive ECG readings. If the 
imaging procedure shows multiple zones of re- 
duced perfusion or asynergy, the patient clearly has 
severe or multiple-system coronary artery disease 
(CAD). 

Coronary angiography is indicated when the 
exercise stress test demonstrates low aerobic capac- 
ity, reduced heart rate response with exercise, 
hypotension or no increase in blood pressure, early 
or persistent ST-segment depression (or elevation) 
over 2 mm, widespread changes on the scalar ECG, 
and multiple or very large perfusion or contractile 
defects. 

Ambulatory ECG monitoring has no role in the 
routine evaluation of chronic stable angina. 

Coexisting hypertension: The presence of hy- 
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pertension in patients with suspected ischemic 
heart disease complicates the diagnostic workup, 
because different drugs may be indicated from 
those used for normotensive patients. An echocar- 
diogram is not a routine procedure but may be 
helpful in certain patients. Because of the high 
likelihood of a false-positive result from an exer- 
cise stress test, an imaging procedure may be 
needed to establish the presence of coexisting 
CAD. Severe hypertension should be treated and 
controlled before an evaluation for CAD is con- 
ducted. 

Treatment of uncomplicated stable angina: 
Patients with uncomplicated angina and no mark- 
edly positive exercise stress test results should first 
be treated with medical therapy. The most com- 
mon regimens are aspirin, antilipid medications 
if appropriate, long-acting nitrate preparations 
and/or calcium antagonists, and B blockers. Occa- 
sionally, angioplasty may be necessary. Symptom- 
atic patients with markedly positive stress test 
results should begin aspirin and other medical 
therapy and be scheduled for coronary angiogra- 
phy. Patients with left main or 3-vessel disease and 
reduced left ventricular function should undergo 
surgery; no hard data support the effectiveness of 
percutaneous transluminal coronary angioplasty in 
this setting. Treatment of patients with lesions 
involving 1 or 2 coronary arteries remains unre- 
solved, and the role of medical therapy versus 
angioplasty versus more extensive surgery is still 
under evaluation. Treatment of angina compli- 
cated by other diseases, such as chronic obstructive 
pulmonary disease and diabetes, should be individ- 
ualized. Some patients may benefit from dual 
therapy with a B blocker and a long-acting nitrate 
or calcium antagonist. 


UNSTABLE ANGINA PECTORIS 
TREATMENT GUIDELINES 


MODERATOR: Peter F. Cohn, MD, Professor of 
Medicine and Chief of Cardiology, State University of 
New York Health Sciences Center, Stony Brook, New 
York. 


Clinical presentation: Unstable angina is de- 
fined as a new onset of angina or a change in an 
established anginal pattern (such as the develop- 
ment of angina at rest; more severe, more frequent, 
or more prolonged episodes; new provocation 
sources; a different response to medication; noctur- 
nal episodes) or new episodes of angina occurring 
after myocardial infarction (MI), percutaneous 
transluminal coronary angioplasty, or coronary ar- 


tery bypass graft surgery, especially with ECG 
changes. The most telling symptom of unstable 
angina is a change in the anginal pattern. 

Diagnostic workup: Because it is difficult to 
make the diagnosis of unstable angina using clini- 
cal presentation alone, additional testing may be 
needed to rule out other cardiac and noncardiac 
conditions that cause similar symptoms, for exam- 
ple, enzyme testing to rule out MI. Provocational 
testing, including exercise stress testing, should not 
be performed until the patient has been stabilized. 

Treatment: In initiating treatment, it is essen- 
tial to take into account other medical problems, 
such as unsuspected anemia due to chronic blood 
loss, which can bring on unstable angina, and to 
consider contraindications to specific drugs such as 
8 blockers in asthmatic patients. All patients with 
unstable angina initially require general (e.g., oxy- 
gen) and medical (e.g., certain drugs) therapy. The 
medical therapy is aimed at stabilizing the patient 
and providing long-term management. The treat- 
ment algorithm is similar to that for an MI: 
optimize the myocardial blood supply—demand 
equation; try to reduce the risk of infarction and 
death; preserve left ventricular function; and opti- 
mize long-term prognosis. 

When initiated in the hospital, medical therapy 
includes early use of multiple anti-ischemic, anti- 
platelet, and antithrombotic agents. Currently, no 
evidence supports the use of thrombolytic agents. 
Once patients are stabilized, the need for revascu- 
larization may be determined by exercise stress 
testing or other appropriate tests. 

The response to medical therapy is assessed by 
control of ischemia at an activity level commensu- 
rate with the patient’s lifestyle. If patients do not 
respond clinically and electrographically to medi- 
cal therapy within a clinically acceptable time 
period, they should undergo coronary angiography 
to determine whether angioplasty or a more exten- 
sive procedure, such as coronary artery bypass 
grafting, should be performed. The demonstration 
of fixed obstructive lesions demands the consider- 
ation of surgical or other interventional treatment. 
Post-MI patients with ongoing angina and patients 
with unstable angina accompanied by hemody- 
namic or electrical instability or by widespread 
ECG changes are at high risk and should be 
considered for early interventional therapy. Percu- 
taneous transluminal coronary angioplasty should 
be used to revascularize patients with appropriate 
clinical features and coronary anatomy. 
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DIAGNOSIS OF MYOCARDIAL ISCHEMIA 


MODERATOR: Carl J. Pepine, MD, Professor of 
Medicine, University of Florida College of Medicine, 
Chief, Cardiology Section, Veterans Affairs Medical 
Center, Gainesville, Florida. 


Co-MopeERATOR: Mark Lipkin, Jr., MD, Associ- 
ate Professor of Clinical Medicine, Director, Primary 
Care, New York University Medical Center, New 
York, New York. 


Diagnostic tests: Tests should be employed to 
help support the diagnosis of myocardial ischemia, 
but the so-called diagnostic tests have a more 
important role in terms of risk stratification. ECGs, 
radionuclide perfusion studies, hemodynamic tests, 
and wall motion studies (conducted with either 
radionuclide techniques or echocardiography) are 
useful in documenting functional changes that 
occur secondary to myocardial ischemia. The 12- 
lead ECG is an almost routine diagnostic test, 
although all forms of ECG recorded in and about a 
chest-pain episode are helpful to evaluate patients 
with known or suspected ischemia. Ambulatory 
ECG (Holter) monitoring for 24 hours or longer 
may be employed to evaluate further the patient 
with proven myocardial ischemia (i.e., coronary 
artery disease documented by angiogram, positive 
stress test, or Q-wave myocardial infarction) for 
the presence of ischemia during daily life activities 
or the patient with suspected variant angina. Hemo- 
dynamic changes are useful in supporting the 
diagnosis of myocardial ischemia in selected cases, 
specifically the patient in the coronary care unit 
with a transient increase in wedge pressure during 
a symptom episode that is difficult to classify. Chest 
radiographs, although useful in routine cardiac 
evaluation, should not be used routinely in the 
diagnosis of myocardial ischemia; this does not 
include cardiac fluoroscopy, which can help iden- 
tify coronary calcification in selected cases. 

Coronary angiography: Coronary angiography 
by itself does not aid in the diagnosis of transient 
myocardial ischemia per se. It shows the lumen of 
coronary arteries at only 1 point in time and does 
not provide functional information about the poten- 
tial for a given lumen reduction to be responsible 
for iieis Angiography should be performed 
after functional testing and only when the need for 
diagnostic and therapeutic decisions outweighs the 
risks and costs of the test. 

Stress tests: The exercise stress test is the 
single most useful test in the evaluation of patients 
with either known or suspected myocardial isch- 
emia. Depending on the circumstances, maximal, 


submaximal, and target heart rate endpoints can be 
used. Many exercise protocols are in common use 
and are adequate for the evaluation of patients 
with known or suspected myocardial ischemia. For 
patients who cannot exercise and in other selected 
cases, alternative stress test methods can be used, 
including atrial pacing, mental stress testing, and 
pharmacologic stress testing using adenosine, dipyr- 
idamole, or dobutamine. (Not all of these agents 
are approved by the U.S. FDA for this purpose.) 

Because exercise stress tests can be performed 
frequently and provide objective, semiquantitative 
data, they are also useful in evaluating treatment 
results and disease progression. However, the stan- 
dard Bruce treadmill exercise protocol has limita- 
tions in this latter application. Results may also 
vary depending on treatment choice (i.e., an anti- 
ischemic treatment that prolongs exercise time by 
reducing myocardial oxygen demand would pro- 
duce results different from those of a treatment 
that prolongs exercise time by increasing oxygen 
supply). Other modalities that may be used to 
evaluate response to antianginal therapy include 
clinical assessment (angina response), quality-of- 
life assessment (other findings related to the clini- 
cal assessment), ambulatory ECG monitoring, and 
cardiovascular event rates. 

Finally, testing should be done only for the 
proper indications, using appropriately standard- 
ized protocols and equipment calibration, and with 
due attention to patient safety and test limitations. 


NITRATE MONOTHERAPY AND CONCOMITANT 
THERAPY GUIDELINES 


MODERATOR: Jay N. Cohn, MD, Professor of 
Medicine, Head, Cardiovascular Division, University 
of Minnesota Medical School, Minneapolis, Minne- 
sota. 


Effect of anatomy on treatment choice: The 
question whether one can use the anatomic distri- 
bution of lesions as a guide to pharmacologic 
intervention, or whether anatomy has little to do 
with potential responsiveness and therefore should 
not be taken into consideration, has not been 
answered definitively. Although the ability of ni- 
trates to reduce proximal coronary artery stenosis 
may account for some of their benefits, there 
appears to be a response to nitrates even in the 
absence of proximal lesions. Syndrome X, for 
example, manifested by normal coronary epicar- 
dial arteries and chest pain, may respond to ni- 
trates. Nonetheless, it is probably prudent to utilize 
nitrate therapy when moderately tight proximal 
coronary stenoses threaten myocardial perfusion. 
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Drugs that dilate arterioles often aggravate 
myocardial ischemia. Coronary arterioles are not 
the desirable pharmacologic site of action of an 
antianginal agent. 

Calcium antagonists differ considerably by agent, 
mechanism of action, and application, with some 
institutions favoring dihydropyridines and others, 
diltiazem. 

Routes of nitrate administration: Nitrate 
agents are very safe and, unlike B blockers and 
calcium antagonists, have essentially no contraindi- 
cations to their use in patients with angina. Oral 
administration is probably the most efficacious 
approach to chronic prophylactic nitrate therapy, 
although there are indications for sublingual and 
transdermal therapy. Sublingual therapy is effec- 
tive in treating symptomatic episodes, but patient 
compliance may be a problem with prophylactic use. 

Concomitant therapies: There is evidence that 
8 blockers prolong survival in post-MI patients, 
and this might be extrapolated to coronary artery 
disease in general. This survival-prolonging effect 
has not been established with other drug therapies, 
such as nitrates and calcium antagonists, although 
a well-designed study might prove otherwise for 
nitrates. Nitrates and calcium antagonists can be 
given in addition to B-blocker therapy to help 
relieve ischemia. 

Nitrate dosing: A major advantage of isosor- 
bide mononitrate use is that a single dosage ap- 
pears to be optimal for all patients, eliminating 
concerns about titration and individual variability. 
It can be administered twice daily at a set dosage 
with good bioavailability. Otherwise, there is con- 
cern about how to achieve an appropriate dose of 
an orally effective nitrate. The evidence that a 40 
mg dose of mononitrate is less effective than a 20 
mg dose puts into question the traditional ap- 
proach of titrating the dose to maximal toleration. 

Side effects: Whether side effects such as 
headache indicate a generalized vascular effect, 
including the coronary circulation, is as yet un- 
known. These issues are poorly understood with 
isosorbide mononitrate therapy. The dose re- 
sponses to headache, to the large artery effect, and 
to the venous effect may all be different. 


RECOGNITION AND MANAGEMENT OF NITRATE 
TOLERANCE 


MODERATOR: Uri Elkayam, MD, Professor of 
Medicine, Chief of Cardiology, University of Southern 
California (USC) University Hospital, Acting Chief, 


Division of Cardiology, USC School of Medicine, Los 
Angeles, California. 


Clinical significance: Because sufficient evi- 
dence indicates that tolerance can diminish the 
antianginal effects of organic nitrates, it should be 
taken into consideration whenever nitrates are 
used. However, tolerance may be partial, is not 
seen in every patient, and is probably dose- and 
time-dependent. It may also affect some therapeu- 
tic endpoints (e.g., hemodynamic changes in pa- 
tients with heart failure and angina, and exercise- 
induced ischemia on treadmill) more than others 
(e.g., silent or symptomatic ischemic episodes occur- 
ring during daily activity). 

Role of nitrate formulations: On the basis of 
current data, it appears that tolerance occurs with 
all long-acting nitrate agents available in the United 
States, including nitroglycerin, isosorbide dini- 
trate, and isosorbide mononitrate. Tolerance has 
not been documented with short-acting nitrate 
formulations, especially sublingual nitroglycerin. 

Mechanism of tolerance: A difference exists 
between the attenuation of therapeutic effect and 
tolerance. The most likely mechanism of nitrate 
tolerance is the depletion of sulfhydryl groups at 
the cellular level. Attenuation may be related not 
only to nitrate tolerance, but also to extracellular 
mechanisms such as activation of neurohormonal 
vasoconstrictive mechanisms and an early increase 
in blood volume. Whereas tolerance occurs at the 
cellular level, attenuation is most likely a multifac- 
torial phenomenon. 

Preventing tolerance: Nitrate tolerance can be 
prevented by several practical methods, including 
use of a dosing schedule as needed, short-acting 
nitrate preparations, the lowest effective therapeu- 
tic dose, prophylactic short-acting nitroglycerin, 
and an appropriate nitrate-free interval. In addi- 
tion, current data suggest that escalating the ni- 
trate dose can temporarily augment its therapeutic 
effect and thus overcome the initial attenuation. 

Dosing regimens: Although dosing data for the 
various nitrate regimens for the treatment of an- 
gina pectoris are incomplete, current dosing sched- 
ule recommendations are as follows: 

e Oral isosorbide dinitrate, twice or 3 times 

daily with at least a 12-hour washout period 

e Long-acting isosorbide dinitrate, once daily or 

asymmetrical eccentric dosing twice daily (for 
example, at 8 A.M. and 3 P.M.). 

e Transdermal nitroglycerin, 12 hours on, 12 

hours off 

e Isosorbide mononitrate, asymmetrical, eccen- 

tric dosing twice daily. 
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Combination therapy: Considering the need 
for long washout intervals in long-acting nitrate 
therapy, these agenis may need to be used in 
combination with calcium antagonists or B blockers 
to prevent ischemic attacks during the nitrate-free 
intervals. 
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Introduction 


Yechezkiel Stein, mD, and Antonio M. Gotto, Jr, MD, DPhil 


reat progress has been made over the last 

3 decades in identifying the most impor- 

tant risk factors for coronary artery dis- 
ease (CAD), and we have learned to apply mea- 
sures that successfully lower the incidence of this 
disease. In the late 1960s, the medical community 
endorsed and helped implement smoking cessation 
as a preventive measure against both CAD and 
lung cancer. In the 1970s, the well-orchestrated 
campaign against hypertension was begun. In the 
1980s, attention was focused on the diagnosis and 
management of hypercholesterolemia, and this 
decade also saw the development of potent new 
cholesterol-lowering drugs. 

The declining rates of CAD mortality and mor- 
bidity throughout the industrialized world during 
the same period clearly reflect the identification 
and proper management of these 3 important risk 
factors. In the United States, annual CAD mortal- 
ity rates dropped by about 25% from 1969 to 1983.! 
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Nonetheless, CAD remains the leading killer in the 
United States and in Europe. In 1989, CAD 
accounted for the deaths of nearly 1 million U.S. 
citizens. Therefore, the struggle against CAD, 
including efforts to improve preventive strategies, 
must continue relentlessly. 

One important aspect of current preventive 
strategies against CAD is the multiple risk factor 
approach. Yet, widening the net of risk factors 
increases the complexity of the problem. For exam- 
ple, treatments instituted to improve 1 risk factor 
can sometimes worsen another, as in the case of 
some effective antihypertensive agents that raise 
serum cholesterol levels. How should the physician 
proceed when multiple risk factors are present in a 
patient? 

One controversial risk factor is hypertriglyceri- 
demia. Many epidemiologic studies have shown a 
positive correlation between elevated serum triglyc- 
eride levels and increased CAD risk, with particu- 
larly strong findings in women and patients with 
non-insulin-dependent diabetes.* The association 
remains controversial because of the lack of associ- 
ation in multifactorial analysis, unlike the situation 
for low-density lipoprotein (LDL) cholesterol and 
high-density lipoprotein (HDL) cholesterol with 
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CAD. The association demonstrated on univariate 
analysis often breaks down on multivariate analy- 
sis, in particular when HDL cholesterol level is 
taken into account. These findings illustrate the 
complexity of the CAD-triglyceride relation and 
suggest that some of the increased risk of CAD in 
patients with hypertriglyceridemia could be due to 
reduced levels of HDL cholesterol. Other poten- 
tially atherogenic factors associated with hyper- 
triglyceridemia are postprandial lipemia, small 
dense LDL particles, abnormalities in very-low- 
density lipoprotein, and an increase in coagulation 
factors. 

Nonetheless, in 1987 the Task Force of the 
European Atherosclerosis Society,* after pro- 
longed deliberations, came to the conclusion that 
the putative role of elevated serum triglyceride as 
an independent causative risk factor for CAD 
cannot be ignored, for several reasons. 

First, the metabolism of triglyceride-rich lipopro- 
teins determines to a great extent levels of HDL 
cholesterol. This link has been clearly documented 
in the postprandial state, when the entry of chylo- 
microns into the circulation challenges the sub- 
ject’s fat-clearing capacity.>° 

Second, several investigators have suggested 
that extensive postprandial lipemia may induce 
lipid deposition in arterial cells,’ and thus lead to 
the development of foam cells. 

Third, it has been shown that clearance of LDL 
particles is affected by their triglyceride content." 
Hypertriglyceridemia is associated with small, dense 
LDL particles as well as decreased HDL), repre- 
senting a highly atherogenic profile. 

In the United States, the National Institutes of 
Health Consensus Development Conference on 
Triglyceride, High-Density Lipoprotein, and Coro- 
nary Heart Disease recently recommended that 
HDL cholesterol and triglyceride levels be deter- 
mined to refine CAD risk assessment in a number 
of patient groups in which such determinations had 
not been previously suggested by a major U.S. 


panel (draft statement issued February 28, 1992). 
Its outlining of new recommendations for the 
incorporation of triglyceride level into CAD risk 
assessment and treatment brings additional major 
attention to this risk factor and should serve as an 
impetus to further research. 

If in the 1990s we are to revise and broaden 
successfully our treatment strategies against CAD, 
we must consider the role of triglyceride manage- 
ment in our multiple risk factor regimens. The 
speakers enlisted for the symposium “Triglycerides 
as a Vascular Risk Factor: A Global Forum,” 
brought international expertise to bear not only on 
the question of a European or United States 
consensus but on whether a worldwide triglyceride 
consensus is feasible. 
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Epidemiology of Triglycerides: A View from 
Framingham 


William P. Castelli, MD 


New analyses from the Framingham Heart Study 


are presented showing that men and women who 
have high triglyceride levels (>1.7 mmol/liter) 
and a low high-density lipoprotein (HDL) level 
(<1.03 mmol/liter) run a significantly higher rate 
of coronary artery disease and can be identified, 
and that this risk group (high triglyceride-low 
HDL) is, independently of the major risk factors 
(including low HDL), related to occurrence of cor- 
onary artery disease. Further, this trait appears 
to be common in our society, producing twice as 
many cases of coronary artery disease during the 
14 years of the Framingham study as the next 
highest disease-producing lipid abnormality. This 
trait of high triglyceride—iow HDL is associated in 
the medical literature with increased insulin re- 
sistance, higher blood sugars (within the normal 
range), higher uric acid levels, hypertension, and 
centrally mediated obesity. Because total choles- 
terol in people with these traits may be less than 
or just slightly greater than 5.2 mmol/liter, they 
are missed or neglected by most cholesterol 
screening programs. 

(Am J Cardiol 1992;70:3H—9H) 


From the Framingham Heart Study, Framingham, Massachusetts. 
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ontroversy continues about whether abnor- 
( mal triglyceride levels are a risk factor for 

coronary artery disease (CAD) or other 
atherosclerotic vasculopathies. There appears to 
be little debate about the simple, univariate rela- 
tion of triglycerides to CAD. In a recent review, 
Austin! described 27 case-control and prospective 
studies of men in whom it was found that the 
higher the triglyceride levels, the higher the subse- 
quent rate of some aspect of CAD; this association 
was significant on univariate statistical analysis. 
Austin also described several studies of women in 
whom a significant univariate association of triglyc- 
erides with some endpoint of CAD was found. 

Many of these 27 studies also showed that the 
relationship of triglycerides to CAD is significant 
after controlling for the other major risk factors, 
such as total cholesterol, low-density lipoprotein 
(LDL) cholesterol, blood pressure, smoking, and 
glucose intolerance, but in only a few studies was 
the relation independent when adjustment was 
made for high-density lipoprotein (HDL) choles- 
terol levels. This adjustment for HDL cholesterol 
has been controversial. On one hand, there are 
those? who believe that the mathematical model is 
a good use of statistical modeling; and on the other 
hand are those? who point out that, when 2 items 
are associated both statistically and metabolically, 
the current mathematical models will grossly under- 
estimate the contribution to risk of 1 of the items, 
thus representing a misapplication of the statistical 
models. 

The purpose of this article is to examine new 
evidence from the Framingham Heart Study as it 
relates to the triglyceride risk issue. The fundamen- 
tal problem with using triglyceride levels as a risk 
factor is that there are 4 kinds of triglyceride, 2 of 
which are not atherogenic and 2 of which are. Since 
the techniques used to measure the different kinds 
of triglyceride-rich lipoprotein particles exist in 
only a few laboratories in the world, this article will 
recommend a simple way to estimate the danger- 
ous type of triglyceride, starting with simple clinical 
measures. 
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This article will also describe, for the first time, 
a triglyceride-rich particle, adjusted by HDL (using 
stratification) and the other risk factors (using a 
multivariate analysis), that is independently re- 
lated to CAD. 


METHODS 

The Framingham Heart Study was started in 
1948. A mostly random sample of 5,209 respon- 
dents was selected from the 10,000 men and 
women in Framingham who were aged 30-60 years. 
Of the random sample, 5,127 were free of clinically 
overt disease at entry and formed the prospective 
cohort. This cohort has been examined biennially 
for the last 44 years. 

The first lipoprotein measurements were made 
in 1951 in the laboratory of John Gofman‘ at the 
University of California in Berkeley. Lipoproteins 
of Sf 0-12, 12-20, 20-200, and 200-400 were 
measured in the analytical ultracentrifuge. In the 
late 1960s, further lipoprotein measurements were 
made using the beta quantification technique, which 
was adopted by the Lipid Research Clinics Pro- 
gram? from the initial work of Fredrickson et al.° 
Cholesterol was measured by the Abell-Kendall 
method’ and triglyceride by the Lederer-Kessler 
fluorometry method. 

The coronary endpoints in the Framingham 
study included angina pectoris, coronary insuffi- 
ciency, myocardial infarction, sudden death and 
nonsudden death from CAD (occurring > 1 hour 
after start of symptoms). The criteria used for 
these endpoints have been described in the 
Framingham Monographs and are updated period- 
ically.* In brief, angina pectoris is chest discomfort 
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brought on by exertion or excitement and relieved 
in 15 minutes, usually 5 minutes, by rest. Myocar- 
dial infarction is prolonged chest discomfort associ- 
ated with electrocardiographic or appropriate en- 
zyme changes, or both. Coronary insufficiency is 
prolonged chest discomfort associated with tran- 
sient ST-T wave changes and normal enzyme 
levels. 

The statistical methods have been described in 
the Monographs and in addition include models 
related to the Cox proportional hazard models.?:! 


RESULTS 

In the univariate analysis, the Framingham 
Heart Study found a simple linear relation between 
serum triglycerides and the subsequent develop- 
ment of CAD. This was statistically significant in 
all correlations in women but only in the 30-year 
data among the men, using the Gofman-deter- 
mined Sf 20-400 lipoproteins (Figure 1). The 
correlation was also significant in women after 
adjustment for the other, most potent and tradi- 
tional risk factors, such as blood pressure, smoking, 
and electrocardiographic left ventricular hypertro- 
phy, but not when HDL cholesterol levels were 
included in the model. 

When triglyceride levels were stratified by HDL 
level, another picture emerges. Figure 2 shows that 
(triglyceride tertile x HDL tertile) identified 9 
subgroups of triglyceride-—HDL relations in men. 
These data are based on triglyceride and HDL 
cholesterol levels measured 14 years earlier in 
subjects free of disease who were then followed up 
for the occurrence of new CAD. Men in the lowest 
HDL tertile (< 1.03 mmol/liter) who were also in 


FIGURE 1. Relative risk of coro- 
nary artery disease (CHD), by se- 
rum triglyceride (Sf 20—400) lev- 
els in men and women (30-year 
follow-up). 
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FIGURE 2. Incidence of coronary 
artery disease (CHD), by levels of 
and high 
lipoprotein (HDL) cholesterol in 
men. *p <0.05, when adjusted 
for age, systolic blood pressure, 
cigarette smoking, body mass 
index and electrocardiographic 
left ventricular hypertrophy. Com- 
parisons made in reference to 
high HDL/low triglyceride group. 
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the highest triglyceride tertile (> 1.57 mmol/liter) 
experienced the highest rate of CAD; this is 
significantly different from the lowest risk group 
and independently adjusted for age, systolic blood 
pressure, cigarette smoking, body mass index, and 
electrocardiographically determined left ventricu- 
lar hypertrophy (p = 0.006; Cox proportional haz- 
ard model). Because it stratifies for HDL levels, it 
is adjusted for HDL as well. Thus, this analysis 
suggests that there must be a triglyceride-rich 


uv) 
FIGURE 3. Crude incidence of cor- | = 
onary artery disease, number of 2 
cases in 14 years, by levels of € 
triglyceride and high-density lipo- E. 


protein (HDL) cholesterol in men. 
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particle related to CAD, independent of the other 
major risk factors, including HDL. 

Figure 2 reveals subgroups of men with very 
high rates of CAD (high triglyceride-low HDL and 
low triglyceride-low HDL), but there is another 
important public health consideration, which is 
considered in Figure 3. The figure shows that in 14 
years there are almost twice as many cases of men 
with CAD in the high triglyceride-low HDL choles- 
terol group as in any other group. It should be 
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noted how few cases appeared in the low triglycer- 
ide-low HDL cholesterol group in Figure 3, the 
group that had a high rate of disease reported in 
Figure 2. The difference is the frequency of these 
traits in our population: one trait is much more 
frequent and produces a much higher number of 
cases, in what could be called an attributable risk 
setting. 

The evidence in women is somewhat different. 
Figure 4 shows the rates of CAD in the 9 subgroups 
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FIGURE 4. Incidence of coronary 
artery disease (CHD), by levels of 
triglycerides and high 
lipoprotein (HDL) cholesterol in 
women. p <0.05, when adjusted 
for age, systolic blood pressure, 
cigarette smoking, body mass 
index, and electrocardiographic 
left ventricular hypertrophy. Com- 
made in reference to 
high HDL/low triglyceride group. 


of triglyceride-HDL cholesterol among women. 
Unlike the men, an impact of triglyceride tertile on 
risk can be seen, and also a gradient of risk on 
tertile of HDL. Again, when adjusted for the most 
important risk factors, the high triglyceride—low 
HDL cholesterol subgroup had a highly significant 
risk of CAD and, due to the stratification on HDL, 
this independence includes HDL. Figure 5 shows 
the number of cases produced by the 9 subgroups. 
Again, 1 group towers over the rest: the high 
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FIGURE 5. Crude incidence of cor- 
onary artery disease, number of 
cases in 14 years, by levels of 
triglyceride and high-density lipo- 
protein (HDL) cholesterol in 
women. 
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triglyceride-low HDL cholesterol group produced 
almost twice as many cases as any other group. 


DISCUSSION 

These data suggest that, in a free-living, healthy 
population, there is an important high-risk group, 
identified only by their high triglyceride and low 
HDL cholesterol levels, who will experience rates 
of CAD as high or higher than those with more 
commonly recognized lipid abnormalities. In addi- 
tion, because high triglyceride—low HDL is such a 
common lipid disorder in our population, it pro- 
duces more cases of CAD than familial hypercho- 
lesterolemia, the ultimate elevated LDL choles- 
terol syndrome. 

Many persons with high triglyceride-—low HDL 
in our society have total cholesterol levels <5.2 
mmol/liter and average LDL cholesterol levels of 
about 3.88 mmol/liter. As a result, unless these 
individuals already have some form of overt athero- 
sclerotic cardiovascular disease or 2 other CAD 
risk factors, they will be missed by the National 
Cholesterol Education Program guidelines. 

This finding is not peculiar to Framingham. In 
the Prospective Cardiovascular Munster (PRO- 
CAM) study conducted in Germany, Assmann and 
Schulte!! showed that of the first 73 CAD cases in 
the first 4 years, 37 had a triglyceride level > 1.70 
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mmol/liter and at the same time their HDL choles- 
terol levels were <0.91 mmol/liter. Of the first 500 
survivors of myocardial infarction in the Seattle 
study,'* of those who were diagnosed hyperlipid- 
emic, 3 times as many had high triglyceride levels 
as had a simple LDL cholesterol elevation, and the 
worst cases appeared to have high LDL and high 
triglyceride levels, the combined hyperlipidemia 
syndrome. In the Helsinki Heart Study,!? subjects 
in the control group with a high LDL:HDL ratio 
(>5) who also had a high triglyceride level ( > 2.26 
mmol/liter) experienced almost 4 times the heart 
attack rate in the next 5 years as subjects with just a 
high LDL:HDL ratio. 

Further evidence now suggests that people with 
high triglyceride and low HDL levels belong to a 
larger clinical syndrome. High triglyceride levels 
may lead to insulin resistance,'* and Reaven!> has 
described a “‘syndrome X,” characterized by high 
triglyceride and low HDL cholesterol levels, in- 
creased insulin resistance, and hypertension. Wil- 
liams et al!® called this syndrome “familial dyslipid- 
emic hypertension,” showing that it runs in families, 
accounts for a very high percentage of CAD 
patients, and is found in 12% of all hypertensive 
patients in Utah. Kaplan!’ has suggested it begins 
with centrally mediated obesity that then includes 


Chylomicron Remnants Beta VLDL 
Saturated Fat 
Cholesterol 
Central Obesity 


After Fat Clearance 


Small 
Dense 


LDL $ 


Q 
` 





Scavenger LDL Receptor 


Macrophage 





FIGURE 6. The 4 kinds of triglyceride. LDL = low-density lipoprotein; VLDL = very-low-density lipoprotein. 
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dyslipidemia, insulin resistance, and hypertension, 
all combining to form the “deadly quartet.” 

As triglyceride levels increased in the Framing- 
ham subjects, both blood glucose and uric acid 
levels increased, so that their blood sugar levels 
were in the upper 5% of normal ( > 5.6 mmol/liter) 
and their uric acid levels also in the upper 5% 
(>297 wmol/liter in women, >357 pmol/liter in 
men).!® 

At the metabolic level, the size of the very-low- 
density lipoprotein (VLDL) particle may be para- 
mount in assessing the importance of the triglycer- 
ide level. In a study of patients with endogenous 
hypertriglyceridemia, Poapst et al"? showed that, as 
the triglyceride levels increased, 75-80% of the 
triglyceride-rich lipoproteins were in the Sf 12-60 
or (intermediate) density class. These particles are 
very atherogenic, as evidenced by their ultimate 
expression in type IM hyperlipidemias.*”*' The 
penultimate expression is in the combined hyperlip- 
idemias in which small dense B-VLDL particles 
associated with small dense LDL particles are 
found. Small dense LDL particles, in hyperapo- 
betalipoproteinemia, have also been incriminated 
as atherogenic.”2 Recently, Austin et al?** have 
shown that small dense LDL particles (pattern B) 
are related to CAD, and these investigators have 
also given us a better appreciation of its association 
with triglycerides. In a healthy population, as 
triglyceride levels increase to 1.13 mmol/liter, small 
dense LDL particles appear in the plasma and 
circulating levels of normal, native, larger, less 
atherogenic (pattern A) LDL decline. When the 
triglyceride levels reach 1.70 mmol/liter, one is 
virtually out of the normal pattern of LDL and only 
the small dense LDL particles are seen. A similar 
cumulative distribution curve can be drawn using 
HDL levels. If HDL levels decline to < 1.03 mmol/ 
liter, small dense LDL particles appear and the 
normal LDL particles disappear.*** This fits nicely 
with the Framingham results in men and women: 
when the triglyceride levels reach 1.70 mmol/liter 
and the HDL level is < 1.03 mmol/liter, a person in 
the group with high rates of CAD has been found. 

At the cellular level, small dense B-VLDL 
particles are taken up into macrophages or their 
equivalent at a much higher rate than are native 
LDL particles to produce foam cells. Some of 
these small dense B-VLDL particles may appear in 
the blood after dietary cholesterol ingestion and 
are taken up into macrophages, exhibiting an 
atherogenic potential for 2 triglyceride-rich lipopro- 
teins: B- VLDL and chylomicron remnants. One of 
the controversies surrounding triglyceride is that it 


is not supposed to accumulate in lesions. Such 
statements are probably not true since triglyceride 
levels increase with age and higher concentrations 
are found in lesions of diabetic patients than in 
nondiabetic patients. However, most of the cellular 
research suggests that the atherogenic triglyceride- 
rich particles increase the deposition of cholesteryl 
ester; thus, it may be academic whether they also 
lead to increased triglyceride levels. 

Two triglyceride-rich particles are not athero- 
genic: chylomicrons and normal buoyant VLDL 
particles of Sf 100-400. A vegetarian diet can 
produce large, fluffy VLDL particles that are 
obviously nonatherogenic, since pure vegetarians 
do not develop atherosclerosis.**”? Estrogens pro- 
duce large VLDL,*° and resins (at least colesti- 
pol)?! and alcohol produce a different kind of 
VLDL that is nonatherogenic. Thus, of the 4 kinds 
of triglyceride (Figure 6), 2 are not atherogenic and 
2 are, which is why a simple schema that considers 
only triglyceride level is bound to identify people 
with high triglyceride levels who are not at risk for 
atherosclerosis. The problem is compounded be- 
cause there are only a handful of laboratories that 
can measure the size of VLDL or LDL particles 
and thus determine the presence of the more or 
less atherogenic-sized particles. 

I propose that these very difficult procedures 
are unnecessary. All that need be known is that the 
triglyceride level is > 1.70 mmol/liter and the HDL 
level is <1.03 mmol/liter, and that the patient is 
not a vegetarian. This suggests the presence of the 
dangerous kind of VLDL and most probably the 
more dangerous variety of LDL. If the patient’s 
insulin level is also known, it is possible to suggest 
prospectively that these conditions will be concom- 
itant with blood sugar >5.6 mmol/liter, uric acid 
> 357 pmol/liter, a waist to hip circumference 
ratio >0.85, an elevated apolipoprotein B level, a 
total cholesterol: HDL cholesterol ratio > 4.5, and 
hypertension. In other words, a person who is on 
the fast track to atherosclerotic vascular disease. 
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Role of Triglycerides in Coronary Artery Disease: 
Lessons from the Prospective Cardiovascular 
Munster Study 


Gerd Assmann, mb, and Helmut Schulte, Dr. rer medic 


The incidence of atherosclerotic coronary artery 
disease (CAD) was assessed in 4,576 male partic- 
ipants of the Prospective Cardiovascular Munster 
(PROCAM) study, aged 40—64 years, over a 4-year 
follow-up period. In this time, 122 study partici- 
pants developed atherosclerotic CAD (89 definite 
nonfatal myocardial infarctions and 33 definite 
atherosclerotic CAD deaths). Univariate analysis 
revealed a significant association between the 
incidence of atherosclerotic CAD, and high-den- 
sity lipoprotein (HDL) cholesterol (p <0.001) and 
triglyceride (p <0.01) levels. The relation to HDL 
cholesterol remained after adjustment for other 
risk factors. By contrast, the relation between 
the incidence of atherosclerotic CAD and trigly- 
cerides disappeared if, in a multivariate analysis 
by means of a multiple logistic function, choles- 
terol or HDL cholestero! was taken into account. 
However, the data suggested that hypertriglycer- 
idemia is a powerful additional coronary risk fac- 
tor, when excessive triglycerides coincide with a 
high ratio (>5.0) of plasma low-density lipopro- 
tein (LDL) cholesterol to HDL cholesterol. Even 
though the prevalence of this subgroup was only 
3.7%, it included a quarter of all atherosclerotic 
CAD events observed. 

(Am J Cardiol 1992;70:10H—13H) 
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(PROCAM) study,' employed subjects (from 

52 companies and institutions) were examined 
for cardiovascular risk factors and then observed 
for mortality, subsequent myocardial infarctions 
(MI), and strokes. Clinical history and anthropo- 
metric data were taken from each subject at study 
entry, using standardized questionnaires, blood 
pressure, a resting electrocardiogram, and a fasting 
blood sample for assessment of >20 laboratory 
tests. The examinations were performed in a medi- 
cal vehicle on the employer’s site during paid 
working hours. Any employee could participate in 
the study. Participation was voluntary (between 
40% and 80% took part; average, 60%) and was 
free of charge to both the volunteers and their 
employers (apart from lost working time). Approx- 
imately 20 people were examined per day. All 
findings were reported to each subject’s general 
practitioner. The subjects were told whether the 
examination results were normal or whether a 
check-up by a general practitioner was necessary. 
The study investigators did not arrange for any 
intervention, leaving this to each subject’s general 
practitioner. 

Questionnaires were sent to the participants 
every 2 years to record any MIs or strokes that had 
occurred. Notification of any deaths was also re- 
quired by the registration office of each subject 
who could not be reached. The participants were 
told of these questionnaires at study entry, and the 
response rate was 96% after 2 reminders by either 
mail or telephone. For every death of a study 
participant, the death certificate was reviewed. 
Medical records were obtained, with permission of 
the patient, for all morbidity factors as gleaned 
through the questionnaire. The investigators re- 
quested hospital records and records from the 
attending physician to verify the diagnosis, or cause 
of death, by a critical event committee. Examina- 
tions performed at study onset were repeated after 
6-7 years. 


|: the Prospective Cardiovascular Münster 
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Variable 





Cholesterol (mmol/liter) 5.75 
High-density lipoprotein cholesterol (mmol/liter) 1.16 
Low-density lipoprotein cholesterol (mmol/liter)* 3.81 
Triglycerides (mmol/liter)T 1.51 
Systolic blood pressure (mm Hg) 132.2 
Diastolic blood pressure (mm Hg) 86.1 
Body mass index (kg/m?) 26.3 


Number of cigarette smokers 


*n = 4,204 in MI-;n = 117 in MI+. 
+Geometric mean. 
MI = myocardial infarction. 






TABLE I Mean (+ SD) Values of Age-Standardized Factors for Men in the PROCAM Study Aged 40-65 Years with (MI+) and without 


(MI—) Development of Coronary Artery Disease within 4 Years 


MI— 
(n = 4,352) 










MI+ 


(n = 122) p Value 















(1.09) 6.47 (1.26) 
(0.31) 1.01 (0.25) <0.001 
(0.95) 4.57 (1.10) <0.001 
1.77 <0.001 
(18.7) 138.7 (20.9) <0.001 
(11.1) 89.2 (11.9) 0.01 
(3.0) 26.5 (2.9) 0.44 
(33.9%) 72 (59.0%) <0.001 


TABLE II Coronary Artery Disease Events (n = 122) in Tertiles of Age-Standardized Factors in the PROCAM Study for Men Aged 


40—65 Years (n = 4,474) 


Tertile 
Cutting Points 


Variable 


Cholesterol (mmol/liter) 


High-density lipoprotein cholesterol (mmol/liter) 
Low-density lipoprotein* (mmol/liter) cholesterol 


Triglycerides (mmol/liter) 
Systolic blood pressure (mm Hg) 
Body mass index (kg/m?) 


*n = 4,321. 
CAD = coronary artery disease. 


The PROCAM study began in 1979 and the 
recruitment phase was completed at the end of 
1985. There are full data records for a total of 
19,698 participants. The participants’ were aged 
16-65 years. The average age and standard devia- 
tion of the 13,737 men was 41.4 + 11.2 years; the 
5,961 women had a distinctly lower age of 
36.6 + 12.5 years. 

For the following analysis, 2 endpoints were 
considered: MI and death due to coronary artery 
disease (CAD), including sudden and nonsudden 
death. 


INCIDENCE OF CAD ACCORDING TO 
HIGH-DENSITY LIPOPROTEIN CHOLESTEROL 
AND TRIGLYCERIDES 

Because adequate numbers of subjects with MI 
or dying of CAD in the PROCAM study occurred 
only in men aged >40 years, the analysis to be 
described was confined to 4,576 male participants 
aged 40-65 years, without a prior history of MI or 
stroke. Follow-up was for 4 years. 

In this group of 4,576 subjects, 122 experienced 
MIs or fatal CAD (MI+ group; 33 CAD deaths 
and 89 MI), 87 men died from causes other than 
CAD, and 15 nonfatal strokes were observed. 


CAD Incidence (%) in Tertiles 


Middle 


5.22 and 6.13 
1.01 and 1.22 
3.36 and 4.19 
1.16 and 1.83 
123 and 138 
24.9 and 27.2 





Thus, 4,352 subjects survived the 4 years after the 
examination without MI or stroke (MI-— group). 
The age-standardized mean values of risk factors 
within the groups MI+ and MI-— are shown in 
Table I. The numbers of observed CAD events per 
tertile of relevant variables are shown in Table II. 

High-density lipoprotein (HDL) cholesterol lev- 
els <0.9 mmol/liter were found in 50.0% of the 
MI+ subjects and in 17.0% of the MI- subjects. 
Further, 21.2% of the MI— group and 39.3% of the 
MI+ group had triglyceride levels >2.3 mmol/ 
liter. In logistic function analyses, HDL cholesterol 
(p <0.001) and log-transformed values of triglycer- 
ides (p <0.01) showed a significant association 
with the incidence of CAD. Although the relation 
with HDL cholesterol remained after adjustment 
for other risk factors, the relation with triglycerides 
disappeared when cholesterol or HDL cholesterol 
was accounted for in a multivariate analysis (multi- 
ple logistic function). 

By contrast, hypertriglyceridemia (> 2.3 mmol/ 
liter) was associated with a markedly higher inci- 
dence of CAD in subjects categorized by levels of 
cholesterol (Figure 1), HDL cholesterol (Figure 2), 
and low-density lipoprotein (LDL) cholesterol (Fig- 
ure 3). In the groups with LDL cholesterol levels of 
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3 
3 
O 


<5.2 mmol/L 5.2-6.5 mmol/L 6.5-7.8 mmol/L 
Cholesterol 


>7.8 mmol/L 


E triglycerides<2.3mmov.  [_] Triglycerides > 2.3 mmol/L 


FIGURE 1. Incidence of coronary artery disease (CHD; per 
1,000 in 4 years) according to levels of triglycerides and 
cholesterol. 


4.1-4.9 mmol/liter and > 4.9 mmol/liter, hypertri- 
glyceridemia tripled CAD rates. Further, the par- 
ticipants with high LDL:HDL cholesterol ratios 
(>5.0; 11.2% of the men) showed a markedly 
higher risk of CAD (99/1,000 subjects in 4 years) 
than the men with ratios <5.0 (18/1,000 subjects in 
4 years). In both groups, CAD rates were higher in 
hypertriglyceridemic subjects (Figure 4). In partic- 
ular, the hypertriglyceridemic subjects with high 
LDL:HDL cholesterol ratios exhibited the highest 
risk of CAD. Even though only 3.7% of the men 


CHD/1 ,000 


<0.9 mmol/L >0.9 mmol/L 


HDL Cholesterol 


=z Triglycerides < 2.3 mmol/L 
ta Triglycerides > 2.3 mmol/L 





FIGURE 2. Incidence of coronary artery disease (CHD; per 
1,000 in 4 years) according to levels of triglycerides and 
high-density lipoprotein (HDL) cholesterol. 





CHD/1 ,000 


<3.4mmoV/L 3.4-4.1 mmol/L 4.1-4.9 mmol/L >4.9 mmol/L 
LDL Cholesterol 


E triglycerides < 2.3mmo  [_] Triglycerides > 2.3 mmol/L 


FIGURE 3. incidence of coronary artery disease (CHD; per 
1,000 in 4 years) according to levels of triglycerides and 
low-density lipoprotein (LDL) cholesterol. 


were in this group, they comprised nearly 25% of 
all CAD incidences observed. 

Among the hypertriglyceridemic men with high 
LDL:HDL cholesterol ratios, 17.8% had diabetes 
mellitus or elevated fasting blood glucose (> 6.67 
mmol/liter) and 45.6% were hypertensive (systolic 
blood pressure >160 mm Hg and/or diastolic 
blood pressure >95 mm Hg). Among the remain- 
der, 8.4% had elevated blood glucose levels and 
30.4% were hypertensive. Further, the subgroup of 
PROCAM participants with an elevated cholester- 


CHD/1,000 


16 24 


<5.0 >5.0 
LDL:HDL Ratio 


a Triglycerides < 2.3 mmol/L 
| | Triglycerides > 2.3 mmol/L 





FIGURE 4. Incidence of coronary artery disease (CHD; per 
1,000 in 4 years) according to triglyceride levels and the 
low-density lipoprotein:high-density lipoprotein (LDL-HDL) 
cholesterol ratio. 
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ol:HDL cholesterol ratio (> 5.0) in conjunction 
with low HDL cholesterol levels ( < 0.9 mmol/liter) 
showed an increased risk if triglyceride levels were 
elevated (9.5% vs 6.0%).*> 

Strong support, underscoring the importance of 
the triad of high triglycerides, low HDL choles- 
terol, and elevated LDL cholesterol, is provided by 
recent analysis of the Helsinki Heart Study.*° 
Patients in this subgroup with triglyceride levels 
>2.3 mmol/liter and an LDL:HDL cholesterol 
ratio >5.0 had by far the highest incidence of 
cardiac events (130/1,000 in the placebo group). 
Treating patients in this subgroup was particulary 
effective, reducing the incidence of cardiac events 
by > 70%. Comprising 10% of the trial population, 
these patients represented about 50% of the CAD 
events saved by gemfibrozil. 


CONCLUSION 

Taken together, the data from the PROCAM 
study and the Helsinki Heart Study suggest that the 
hypertriglyceridemia/low HDL cholesterol syn- 
drome constitutes a powerful risk factor for nonfa- 
tal MI or CAD death that would escape attention if 


~ St 


LDL cholesterol levels alone were determined. 
Apparently, when high triglyceride concentrations 
(>2.3 mmol/liter) coincide with a high ratio of 
plasma LDL cholesterol to HDL cholesterol 
(>5.0), steps should be taken to normalize the 
lipid profile. For practical purposes, it appears 
advisable to base any risk prediction for atheroscle- 
rotic CAD as well as any treatment decision on a 
full lipid profile (cholesterol, triglycerides, LDL 
cholesterol, HDL cholesterol) rather than total 
and/or LDL cholesterol determinations alone. 
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Triglyceride Levels and the Risk of Coronary 
Artery Disease: A View from Australia 


Leon A. Simons, MD 


A prospective study of cardiovascular disease in 
elderly Australians commenced in 1988 in Dubbo, 
New South Wales. The study population com- 
prised 1,237 men and 1,568 women aged 260 
years. The prevalence rates of coronary artery 
disease (CAD) and putative risk factors were ex- 
amined cross-sectionally in the baseline data. 
The age-standardized rate of CAD was 23.8/100 
men and 18.1/100 women. In a univariate analy- 
sis, the major risk factors for CAD were hyperten- 
sion, diabetes, family history, reduced high-den- 
sity lipoprotein (HDL) cholesterol levels, and 
increased triglyceride levels. The prevalence rate 
of CAD was examined in those with low-density 
lipoprotein (LDL):HDL ratios <5.0 or >5.0. Most 
notably in women, the CAD rate was 16/100 with 
an LDL:HDL ratio <5.0 and 28/100 with an LDL: 
HDL ratio >5.0. In the latter group, the rate was 
21/100 in those with triglycerides <2.3 mmol/ 
liter and 36/100 in those with triglycerides >2.3 
mmol/liter. In a multiple logistic model that con- 
trolled for many potential risk factors or con- 
founding variables, CAD in men was significantly 
predicted by age, hypertension (odds ratio = 
1.40), family history (odds ratio = 2.05), and low 
HDL cholesterol (odds ratio = 0.78). Significant 
predictors in women were age, years of educa- 
tion (odds ratio = 0.82), hypertension (odds 
ratio = 1.45), family history (odds ratio = 1.77), 
serum triglycerides (odds ratio = 1.30), and low 
HDL cholesterol (odds ratio = 0.73). An indepen- 
dent gradient of CAD risk with increasing triglyc- 
eride levels and a similar gradient with decreas- 
ing HDL cholesterol levels were found in women. 
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When HDL cholesterol was <0.91 mmol/liter, the 
odds ratio for CAD was 5.37 when triglyceride lev- 
els were >2.24 mmol/liter. The findings with re- 
spect to triglyceride levels in women and HDL 
cholesterol in both sexes are important for fu- 
ture risk-factor management. Confirmation of 
the data, however, is needed from longitudinal 
studies. 

(Am J Cardiol 1992;70:14H—18H) 


r | Yotal mortality and that from coronary artery 
disease (CAD) and stroke have been declin- 
ing in Australia since 1970. These declining 

rates have been observed in both sexes, in those 

dying <65 years, and in those dying in older age 

(Figure 1). Combined with a decreasing birth rate, 

this explains the gradual aging of the Australian 

and other populations.! The reasons for decreasing 
cardiovascular mortality rates in the elderly re- 
quire study. 

Risk factors for CAD appear to be well known, 
including hypertension, cigarette smoking, lipid 
disorders, diabetes, and a family history of CAD. 
However, this information is derived from predom- 
inantly middle-aged populations. Data on risk 
factors in the elderly are fragmentary and often 
contradictory. With respect to lipid disorders, total 
serum cholesterol does not appear to be a strong 
predictor of CAD in the elderly, although some 
studies contradict this view.-’ A reduced high- 
density lipoprotein (HDL) cholesterol level can 
predict future CAD in the elderly.*'" Triglyceride 
and CAD data in the elderly are sparse, but a few 
reports have suggested significant prediction of 
CAD by increasing triglyceride levels.'°"! 

This conflicting information was the back- 
ground for a new prospective study of cardiovascu- 
lar diseases in elderly Australians that commenced 
in Dubbo, New South Wales, in 1988.!* Clinical, 
biochemical, and sociologic data at baseline were 
recently documented.’ This article will review the 
results of cross-sectional analysis of CAD and its 
risk factors as ascertained at study entry. 
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FIGURE 1. Mortality rates in Australia, 1950-1988, for men 265 years. CHD = coronary artery disease. 


METHODS 

The study population comprised all noninstitu- 
tionalized residents of Dubbo who were born 
before January 1, 1930 (i.e., those > 60 years) and 
who were assessed at study entry (1,237 men and 
1,568 women). Examinations occurred over a 13- 
month period starting in August 1988. The atten- 
dance rate was 73% (2,805 of 3,860) and declined 
slightly with age. The medical examination in- 
cluded anthropometry, blood pressure, and resting 
electrocardiography. A standardized questionnaire 
covered items such as alcohol and tobacco use, 
years of education, medical history, use of medica- 
tions, family history of CAD, and any physical or 
other activities. Rose angina and myocardial infarc- 
tion questionnaires were also administered, and 
12-hour fasting venous blood was collected for 


estimation of total cholesterol and triglycerides, 
HDL cholesterol, and plasma glucose. Prevalence 
of CAD at study entry was assessed from the 
myocardial infarction questionnaire, definitive elec- 
trocardiographic changes, or from the angina ques- 
tionnaire. Univariate and multivariate analyses 
were performed with a multiple logistic model to 
assess the independent predictors of CAD. Full 
details of the methods used have recently been 
published. '* 


RESULTS 

The sex- and age-specific prevalence rates for 
CAD are presented in Figure 2. The rate increased 
with age until 79 years in men and then declined. 
The rate increased steadily with age in women, 
exceeding the male rate in the years >80. The 


Prevalence Rate/100 Subjects 


FIGURE 2. Prevalence of coronary 
artery disease in Dubbo, New 
South Wales, by age and sex. 
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Cholesterol 

LDL cholesterol 
f Triglycerides 

f HDL cholesterol 
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4 


6.06 + 1.24 
3.99 + 1.14 
1.98 + 1.79 
1.17+0.31 


844 
6.16 + 1.17 
4.09 + 1.01 
1.75 + 1.20 
1.24 + 0.34 


274 
6.94 + 1.32 
4.66 + 1.19 
2.12 + 1.41 
1.30 + 0.39 


1,200 
6.81 + 1.22 
4.61 +1.11 
1.63 + 0.82 
1.48 + 0.39 
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Mean + SD in mmol/liter. HDL = high-density lipoprotein; LDL = low-density lipoprotein. 


spe sce eee r ores 5S op T 
EP > = i nett Ss re. SA le iia EN Dee ah ee TA 
7 ps5 Py 7 =" ? ` x Aq 


Fey a L 
sd te dud 





age-standardized rate of CAD was 23.8/100 men 
and 18.1/100 women. 

Compared with subjects free of CAD, in univar- 
iate analysis male subjects with CAD were older; 
more likely to have smoked; more often hyperten- 
sive, diabetic, or with a stronger family history of 
CAD; and were slightly less educated. Women with 
CAD were older; not as likely to have smoked; 
more often hypertensive, diabetic, or with a stron- 
ger family history of CAD; and less educated than 
women without CAD. The lipid results are summa- 
rized in Table I. CAD subjects had similar total 
and LDL cholesterol levels compared with subjects 
free of CAD. However, triglycerides were higher 


Prevalence Rate/100 


All Tg <2.3 Tg>2.3 
LDL:HDL < 5.0 (n = 1,355) 


Prevalence Rate/100 


All Tg <2.3 
LDL:HDL < 5.0 (n= 1,060) 


Tg >2.3 


Tg < 2.3 
LDL:HDL > 5.0 (n = 198) 





Tg < 2.3 
LDL:HDL > 5.0 (n = 163) 





and HDL cholesterol was lower in CAD subjects. 
In further univariate analysis, CAD rate was recal- 
culated by the LDL:HDL ratio ( < 5.0 or > 5.0) and 
by fasting triglyceride level (<2.3 or >2.3 mmol/ 
liter). (Figure 3 presents results for women and 
Figure 4, for men.) The prevalence of CAD was 
always greater in the group with an LDL:HDL 
ratio > 5.0, particularly in women. The prevalence 
of CAD was greater in women with triglyceride 
levels >2.3 mmol/liter than in those with triglycer- 
ides <2.3 mmol/liter, independent of the LDL: 
HDL ratio. These relations with triglycerides were 
not clearly present in the men. However, the data 
are potentially confounded by a differential pres- 


density lipoprotein: 
lipoprotein (LDL:HDL) ratios. 


Tg > 2.3 


FIGURE 4. Coronary artery dis- 
ease rates in men based on tri- 
glyceride (Tg) levels and low-den- 


sity lipoprotein:high-density 
lipoprotein (LDL:HDL) ratios. 


Tg>2.3 
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ence of diabetes and hypertension in the various 
triglyceride subgroupings. 

Ultimately, all risk factors and potentially con- 
founding variables were introduced into a multiple 
logistic model to study the independent prediction 
of CAD. Family history of CAD, hypertension, 
triglycerides (women only), HDL cholesterol and 
years of education (women only) were the signifi- 
cant predictors of CAD (Table II). Since the 
distribution of serum triglycerides was skewed, we 
arbitrarily grouped triglycerides into 3 categories: 
<1.60, 1.60-2.24, and >2.24 mmol/liter. HDL 
cholesterol was also arbitrarily grouped into 3 
categories: <0.91, 0.91-1.19, and >1.19 mmol/ 
liter. The multivariate logistic models were then 
recalculated, replacing the continuous variables by 
dummy variables representing the upper 2 triglycer- 
ide groupings and the lower 2 HDL groupings. The 
approximate relative risk of CAD by triglyceride 
and HDL grouping is shown for women in Figure 5 
and for men in Figure 6. In each instance, the 
reference group included subjects with triglycer- 
ides < 1.60 mmol/liter and HDL-cholesterol > 1.19 
mmol/liter. With respect to HDL cholesterol in 
both sexes, a graded relation was clearly shown 
with CAD risk, independent of triglycerides and all 
other variables in the model. Increasing triglycer- 
ide levels were associated with an increasing risk of 
CAD in a graded fashion in the women only. The 
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TABLE II Significant Predictors of Coronary Artery Disease 
(CAD) in Multiple Logistic Regression 


Females 


1.52-2.77 
1.05-1.88 


Family history of CAD 2.05 
Hypertension 1.40 
Triglycerides NS 
HDL cholesterol 0.78 
Years of education NS 


1.32-2.36 
1.03-2.05 
1.10-1.52 
0.61-0.89 
0.70-0.95 


Odds ratio estimate and 95% confidence interval (CI). HDL = high-density 
lipoprotein; NS = not significant. 


0.65-0.92 


effects of triglycerides and HDL were indepen- 
dent, and the magnitude of excess risk was greatest 
in those from the lowest HDL cholesterol and 
highest triglyceride groupings (odds ratio = 5.37). 
As anticipated, there was no consistent relation 
between increasing triglyceride levels and CAD 
risk in men. 


DISCUSSION 

Our goal was to predict the risk of developing 
CAD in a large and essentially representative 
sample of elderly citizens of a semi-urban Austra- 
lian township. However, the findings are based on 
prevalence rather than incidence data for CAD. In 
such a retrospective examination it was impossible 
to rely on the standard criteria for myocardial 


<0.91 0.91-1.19 >1.19 
>2.24 


<0.91 0.91-1.19 >1.19 


<1.60 1.60 - 2.24 


<0.91 0.91-1.19 >1.19 
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infarction used in longitudinal studies. The criteria 
for CAD were partially historical and were poten- 
tially subject to recall bias. In addition, we only 
examined “survivors” with CAD. Risk factors may 
have differed in nonsurvivors, and the survivors 
may have made certain life-style adjustments. Fi- 
nally, we experienced a slight recruitment bias in 
favor of younger subjects. Although these factors 
may conceivably conceal true risk-factor relations, 
interesting and relevant etiologic relations can be 
generated in cross-sectional data. 

The prediction of CAD based on serum triglyc- 
eride levels has been controversial. The Framing- 
ham Heart Study!’ demonstrated in longitudinal 
data that serum triglycerides are predictive of 
CAD in women >50 years, but not in men, when 
other variables are controlled, and that this risk 
increased still further with a reduced concentra- 
tion of HDL cholesterol. We virtually replicated 
these findings but in subjects > 60 years. In Dubbo 
women, the risk of CAD increased in a graded 
fashion, as did the serum triglyceride concentra- 
tion (Figure 5). When HDL cholesterol was <0.91 
mmol/liter, the odds ratio for manifesting CAD 
was 2.18 for triglycerides <1.60 mmol/liter, 4.85 
for triglycerides 1.60-2.24 mmol/liter, and 5.37 for 
triglycerides > 2.24 mmol/liter. This was relative to 
women with triglycerides <1.60 mmol/liter but 
with HDL > 1.19 mmol/liter in a multiple logistic 
model. HDL cholesterol is an independent risk 
factor for CAD in both sexes, whereas triglycerides 
are an independent risk factor in women only. 
Although these findings may be important for 
further risk factor intervention, confirmation is 
needed from our ongoing longitudinal study. 

Total serum cholesterol consistently failed to 
predict the presence of CAD in either sex. This was 
not surprising, given the lack of consistency in 
earlier prospective studies?’ and the inherent 
difficulties acknowledged above in a retrospective 
cross-sectional study. Further, numerous stud- 
ies!L!516 have indicated a J-shaped relation be- 
tween total cholesterol and all-causes mortality. 
The absence of lipid-intervention data in the eld- 
erly and a fear of possible adverse outcomes has 


generally dictated a conservative approach.'” Fu- 
ture prospective results from this study may clarify 
the relation between total cholesterol and CAD 
risk. 
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Hypertriglyceridemia: Risks and Perspectives 


Antonio M. Gotto, Jr, MD, DPhil 


The evidence linking hypertriglyceridemia and 
coronary artery disease (CAD) is reviewed. A posi- 
tive correlation between plasma triglyceride level 
and CAD incidence has been demonstrated in 
most prospective studies on univariate analysis. 
However, the significance is weakened on multi- 
variate analysis, in particular when level of high- 
density lipoprotein (HDL) cholesterol is taken into 
account, perhaps because of the close metabolic 
interrelation between the triglyceride-rich lipo- 
proteins and HDL particles. Recent analyses of 
clinical data have shown that the combination of 
elevations of low-density lipoprotein cholesterol 
and triglyceride and low levels of HDL cholesterol 
confers particularly high risk for CAD. The U.S. 
National Institutes of Health Consensus Develop- 
ment Conference on Triglyceride, High Density 
Lipoprotein, and Coronary Heart Disease in Feb- 
ruary 1992 made recommendations to integrate 
more fully HDL cholesterol and triglyceride levels 
into the assessment and treatment of dyslipid- 
emia and CAD risk. Treatment of hypertriglyceri- 
demia should focus on diet and weight control, 
exercise, and smoking cessation, as well as con- 
trol of other major risk factors for CAD, notably 
hypercholesterolemia and hypertension. 

(Am J Cardiol 1992;70:19H—25H) 
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r The prognostic value of plasma triglyceride 
concentration for the development of coro- 
nary artery disease remains controversial. 

Nearly all case-control studies have shown a signif- 

icant positive correlation between triglyceride level 

and coronary artery disease incidence. The rela- 
tion is confirmed in most prospective studies on 
univariate analysis, but on multivariate analysis of 
their data it weakens or disappears, in particular 
when high-density lipoprotein (HDL) cholesterol 
level is taken into account.'* Recently, however, 
the validity of analyzing triglyceride predictivity 
against HDL cholesterol predictivity has been 
questioned because of the close metabolic interre- 
lation of the triglyceride-rich lipoproteins and 
HDL particles.° 


METABOLIC INTERRELATIONS 

Dietary (exogenous) triglyceride is transported 
as part of chylomicrons (Figure 1, bottom). These 
large particles are synthesized in the intestine and 
also incorporate cholesteryl esters, phospholipids, 
apolipoprotein (apo) B-48, and possibly apo A-I. 
Apo C-II and apo E must be added to the chylomi- 
cron (either in the lymph or in the circulation) to 
enable, respectively, hydrolysis of the lipoprotein’s 
triglyceride component via lipoprotein lipase activ- 
ity and effective binding of the lipoprotein to 
hepatic receptors for its removal. Hydrolysis of the 
chylomicron’s triglyceride yields the smaller chylo- 
micron remnant, a particle thought to be atherogen- 
ict that is rapidly removed by the liver. The isoform 
of apo E present on chylomicron remnants in part 
determines their rate of removal via the receptors. 
For example, remnants that contain apo E, are 
removed more slowly than those containing apo E; 
or apo E4. Recent findings by Beisiegel et al® 
suggest that in addition to catalyzing the hydrolysis 
of the triglyceride component of chylomicrons, lipopro- 
tein lipase facilitates binding of the remnants to 
the hepatic receptor. Other recent evidence has 
suggested that the apo E remnant receptor in the 
liver is identical to a primitive receptor that recog- 
nizes activated a2-macroglobulin.’ 

Very-low-density lipoprotein (VLDL) is synthe- 
sized and secreted by the liver in the endogenous 
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pathway of lipid metabolism (Figure 1, top).° The 
triglyceride component of VLDL is also attacked 
by lipoprotein lipase, to yield the intermediate- 
density lipoprotein, a remnant particle. As with 
chylomicron remnants, there is evidence that inter- 
mediate-density lipoproteins are atherogenic.’ 
VLDL remnants are heterogeneous: some contain 
apo E, whereas others perhaps do not; there 
certainly is heterogeneity in size. The larger parti- 
cles are removed more rapidly. A substantial por- 
tion of the VLDL remnants are removed from the 
circulation through binding to the low-density lipo- 
protein (LDL) receptor (also called the B/E recep- 
tor) in the liver. In humans, a significant portion of 
the VLDL remnants are converted to LDL parti- 
cles, most likely through the action of hepatic 
lipase. As hepatic LDL receptor activity decreases, 
the proportion of intermediate-density lipopro- 
teins converted to LDL particles would increase. 
Of the LDL particles formed, it is thought that 
approximately 80% are removed via the B/E recep- 
tor, with the other 20% removed in peripheral 
tissues by so-called low-affinity pathways.” 

As mentioned above, the metabolism of HDL!° 
is intimately related to that of the triglyceride-rich 
lipoproteins. Nascent, discoid HDL particles are 


secreted by the intestine and liver, and possibly by 
macrophages, and they mature into spherical HDL 
as they add surface components from the triglycer- 
ide-rich lipoproteins (e.g., chylomicrons, VLDL) 
during the hydrolysis of the latter. The surface 
components—apolipoproteins, phospholipids, and 
unesterified cholesterol from the triglyceride-rich 
lipoproteins—are added to the small HDL; parti- 
cles. In addition, these particles may obtain choles- 
terol by interacting with cell membranes, a process 
possibly facilitated by apo A-I, apo A-II, or apo 
A-IV. Once within the HDL particle, the choles- 
terol is converted to cholesteryl ester through the 
action of lecithin:cholesterol acyltransferase. Gen- 
eration of cholesteryl esters by the lecithin: 
cholesterol acyltransferase reaction leads to en- 
largement of the small HDL; particles, so that they 
are converted into the larger HDL, particles. 
Formation of HDL, increases the cholesterol- 
carrying capacity of HDL, and HDL cholesterol 
levels increase, driving the hypothesized process 
termed reverse cholesterol transport, in which HDL 
returns cholesterol from peripheral tissues to the 
liver for excretion. The interconversions of HDL 
are summarized in Figure 2.!! Data from Castro 
and Fielding,'* and others, suggest that a pre-B- 
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migrating HDL particle containing only apo A-I 
plays an important role in reverse cholesterol 
transport. 

The cholesteryl esters of HDL, particularly of 
HDL, formed by lecithin:cholesterol acyltransfer- 
ase action,!* need not remain within the HDL core. 
They can be transferred from HDL particles to the 
triglyceride-rich lipoproteins in exchange for triglyc- 
eride molecules. This exchange of insoluble cho- 
lesteryl esters and triglycerides between HDL and 
the triglyceride-rich lipoproteins is mediated by the 
action of cholesteryl ester transfer protein.'*"!° The 
transferred triglycerides are hydrolyzed from the 
HDL core by hepatic lipase!” from the endothelial 
cells of the liver. Only cholesteryl esters remain in 
the HDL core. Hence, HDL, particles are con- 
verted back into the small HDL; particles.'* Conver- 
sion to HDL; occurs preferentially with HDL, 
particles that contain both apo A-I and apo A-II, as 
opposed to apo A-I alone, because of enhanced 
interaction with hepatic lipase.'”?? When the rate 
of clearance of triglyceride-enriched remnants is 
decreased, exchange of cholesteryl ester from HDL 
into the remnants increases. It is well established 
clinically that patients with permanent or tempo- 
rary hypertriglyceridemia (due to increased levels 
of VLDL or accumulation of chylomicrons in the 
course of postprandial lipemia) tend to have low 
HDL, and low HDL cholesterol levels. Since the 
transferred cholesteryl esters remain with the tri- 
glyceride-rich lipoproteins along their lipolytic cas- 
cade and the endocytotic pathways of their rem- 
nants (e.g., the LDL-receptor and the scavenger 
pathways), the heteroexchange may contribute to 
the atherogenic potential of chylomicrons and 
VLDL, in that “good” cholesterol is turned into 
“bad” cholesterol.?! The formation of small, dense 
LDL particles, low HDL cholesterol concentra- 
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tion, thrombogenesis, increased postprandial lipo- 
proteins, and the formation of large VLDL all may 
accompany hypertriglyceridemia (Figure 3).” 


RISK FACTOR CLUSTERING 

Austin et al” used gradient gel electrophoresis 
to identify 2 major LDL subclasses. In persons with 
LDL pattern A (or phenotype A), the large, 
buoyant LDL particles predominate; in pattern 
(phenotype) B, small, dense LDL particles predom- 
inate. Pattern B is associated with increases in 
plasma triglyceride and apo B levels and decreases 
in HDL cholesterol and apo A-I, and with a 3-fold 
increased risk of myocardial infarction.” Austin et 
al?526 have described phenotype B as occurring in 
as much as 30% of the population, inherited as an 
autosomal dominant trait with reduced penetrance 
in premenopausal women and in males aged <20. 
Others have questioned whether the LDL sub- 
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classes may not be more genetically heteroge- 
neous. Interestingly, LDL phenotype B can occur 
with a plasma triglyceride level as low as 2.6 
mmol/liter. 

Apo B-rich, dense LDL is also an aspect of 
hyperapobetalipoproteinemia (hyper—apo B), as 
are a high apo B content in VLDL, a relative 
decrease in HDL cholesterol concentration (partic- 
ularly of HDL), and increases in intermediate- 
density lipoproteins, triglycerides, and coronary 
artery disease risk.” -” “Syndrome X,” described 
by Reaven,*’! may tie together several entities, 
including LDL phenotype B, the hyper—apo B 
syndrome, familial dyslipidemic hypertension,* and 
hypertriglyceridemia. Reaven postulates a primary 
underlying defect of resistance to insulin-stimu- 
lated glucose uptake with hyperinsulinemia. Syn- 
drome X may involve not only the aforementioned 
increase in VLDL triglyceride, decrease in HDL 
cholesterol, and increase in dense LDL constitu- 
ency, but also hypertension. Whether there is 1 
entity with different modes of expression or several 
entities is not known. Familial combined hyperlip- 
idemia**** entails many of the same metabolic 
disturbances. 


RECENT CLINICAL FINDINGS 

It is of interest that in recently published data 
from the Physicians’ Health Study,” higher levels 
of total HDL, HDL, HDL3, and HDL without apo 
A-II were all found to correlate significantly with 
reduced risk of myocardial infarction, but that 
HDL, had the strongest correlation among these. 
Analyses were of blood samples collected prospec- 
tively for this aspirin/B-carotene trial (enrollment 
of 14,916 male physicians): 246 subjects with con- 
firmed new myocardial infarction versus 246 con- 
trol subjects matched for age, smoking status, and 
time since randomization. Franceschini et al 
postulated that defective regeneration of HDL; 
particles is involved in the development of athero- 
sclerosis and coronary artery disease. An increase 
in hepatic lipase activity could account, at least in 
part, for this phenomenon. 

Other evidence for the atherogenicity of triglyc- 
eride-rich particles comes from the Cholesterol- 
Lowering Atherosclerosis Study, a randomized, 
placebo-controlled angiographic trial of colestipol 
plus nicotinic acid in men who had undergone 
coronary bypass surgery. In this trial, the best 
predictor of atherosclerotic lesion nonprogression 
in the drug-treated group was increased apo C-III 
content in HDL.*’ A high apo C-III level is an 
indicator of a rapid rate of catabolism of HDL. 


Further, in the Helsinki Heart Study,’ a 5-year 
randomized coronary primary prevention trial 
among dyslipidemic middle-aged men (mostly with 
type Ila but about 30% with type IIb and 10% with 
type IV hyperlipoproteinemia), the patients who 
benefited most from treatment with gemfibrozil in 
reduction of coronary artery disease incidence 
were those who had type IIb hyperlipoproteinemia, 
i.e., increased levels of both LDL cholesterol and 
triglyceride (and relatively low levels of HDL 
cholesterol). The main effect of gemfibrozil is to 
increase HDL; concentrations. 

In the controlled but nonblinded 5-year Stock- 
holm Ischaemic Heart Disease Secondary Preven- 
tion Study,” conducted among myocardial infarc- 
tion survivors, it was among the subjects with 
hypertriglyceridemia that the study’s combined 
clofibrate and nicotinic acid achieved significant 
reductions in coronary and all-cause mortality 
rates. It should be noted that 50% of the study’s 
subjects had hypertriglyceridemia, whereas only 
13% had hypercholesterolemia. 


TREATMENT ALGORITHMS 

Triglyceride level does not enter into the pri- 
mary algorithm of the current National Cholesterol 
Education Program adult diagnosis and treatment 
guidelines. The algorithm is structured chiefly 
around total cholesterol level, LDL cholesterol 
level, and the presence of other (nontriglyceride) 
cardiovascular risk factors or existing coronary 
artery disease. The 1988 National Cholesterol 
Education Program guidelines recommend that 
hypertriglyceridemia be treated if the level exceeds 
11.29 mmol/liter, to protect against pancreatitis. In 
contrast, the European Atherosclerosis Society 
guidelines of the same year*! consider triglyceride 
level in addition to total cholesterol level and other 
risk factors in stratifying risk. 

The most recent recommendations from the 
National Institutes of Health on the diagnosis and 
treatment of hypertriglyceridemia (and low HDL 
cholesterol) come from its Consensus Develop- 
ment Conference on Triglyceride, High Density 
Lipoprotein, and Coronary Heart Disease held 
February 26-28, 1992.47 These recommendations 
are those of a conference panel and thus do not 
bear the weight of the National Cholesterol Educa- 
tion Program algorithm; they seek to supplement 
rather than replace the program’s 1988 guidelines. 
Recommendations on serum triglyceride in rela- 
tion to cardiovascular risk had last been issued by a 
National Institutes of Health consensus panel in 
1983.4 
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In its extensive review of a wide range of 
preclinical and clinical data, the 1992 panel found 
considerable evidence for a causal relation be- 
tween HDL and coronary artery disease but mixed 
data regarding the possible causal role of triglycer- 
ide in this disease. It recommended that American 
physicians incorporate HDL cholesterol measure- 
ment into routine screening for coronary artery 
disease if accuracy of measurement, appropriate 
counseling, and follow-up can be assured. Further, 
it delineated additional clinical circumstances un- 
der which HDL cholesterol and triglyceride should 
be measured—among them, in known coronary 
artery disease, in the setting of a desirable total 
cholesterol level (<5.17 mmol/liter) when >2 
coronary heart disease risk factors are present, and 
in such disorders as diabetes mellitus and hyperten- 
sion (Table I). Its definitions of low HDL choles- 
terol and hypertriglyceridemia (Table II) did not 
vary from those of the 1983 consensus conference 
and the 1988 National Cholesterol Education Pro- 
gram guidelines. 

The panel recommended treatment (Table IIT) 
for borderline hypertriglyceridemia occurring with 
a low HDL cholesterol level and a desirable LDL 
cholesterol level (<3.36 mmol/liter), and for dis- 
tinct hypertriglyceridemia, with hygienic measures 
(weight loss, diet, exercise, and smoking cessation) 
being the mainstay of therapy in all cases. It 
emphasized that HDL cholesterol and triglyceride 
values cannot be interpreted in the absence of 
information about LDL cholesterol. No consensus 
was reached for drug therapy in the former cate- 
gory of patients, but the panel noted that it may be 
considered in unusual cases when hygienic mea- 
sures fail and coronary artery disease or a strong 
risk profile is present. For the latter category, the 
panel concluded that drug therapy is warranted to 
reduce the risk of pancreatitis if hygienic measures 
fail, and that drugs should be considered as initial 
therapy with hygienic measures if a history of 
pancreatitis is present. 

The 1992 National Institutes of Health Consen- 
sus Development Conference had been preceded 
by a 3-year study of triglyceride as a risk factor for 
coronary artery disease by the International Com- 
mittee for the Evaluation of Hypertriglyceridemia 
as a Vascular Risk Factor,** which concluded that 
the scientific basis for relating hypertriglyceride- 
mia to coronary artery disease risk is weaker than 
that existing for LDL cholesterol elevation. The 
report of the International Committee endorsed 
the National Cholesterol Education Program guide- 
lines and concurred that the major focus should be 


TABLE I Additional Lipid Measurements Recommended by the 
1992 NIH Consensus Development Conference on Triglyceride, 
High Density Lipoprotein, and Coronary Heart Disease* 


Measure HDL-C (nonfasting sample acceptable) 


Healthy individuals In addition to TC to assess CAD 
risk if accuracy of HDL-C 
measurement and appropriate 
counseling and follow-up can 
be assured 


Measure HDL-C and TG (fasting sample), givent: 


Known CAD To access risks for progression 
of CAD and development of 
additional cardiovascular 
complications 


Increased TC To identify patients with high 
HDL-C and desirable LDL-C 
levels as at low-to-average 
lipid risk for CADE 


Desirable TC + > 2 risk fac- To identify patients with low 
tors§ HDL-C and/or high TG, as at 
possible additional risk for 
CAD 


Other disorders that may be To refine CAD risk assessment 
associated with increased 
TG and known to be associ- 
ated with increased CAD 
risk, including diabetes, 
peripheral vascular disease, 
hypertension, central obe- 
sity, chronic renal disease 


Lactescent serum, lipemia To identify familial hyperlip- 
retinalis, xanthomas, pan- idemic disorders and/or likeli- 
creatitis hood of recurrence of pancre- 

atitis; to follow response to 
treatment 


On hygienic or drug therapy To follow results of therapy 
for high TG and/or low 
HDL-C 


*Data from NIH.*4 

tit is generally recommended that at least 2 (ideally 3) samples be taken at least 1 
week apart before a treatment decision is finalized. 

tUnder NCEP adult guidelines,*° lipoprotein analysis is performed if there is high TC, 
or borderline-high TC and >2 other risk factors, to identify patients with increased 


§The 1992 NIH panel noted that accumulating evidence suggests that postmeno- 
pausal status be considered an additional risk factor for CAD. CAD = coronary artery 
disease; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipopro- 
tein cholesterol; NCEP = National Cholesterol Education Program; NIH = U.S. 
National Institutes of Health; TC = total cholesterol; TG = triglyceride. 

Reprinted with permission from Curr Opin Cardiol.*? 


TABLE II Definitions of High TG and Low HDL-C in Plasma by 
the NIH Consensus Development Conference on Triglyceride, 
High Density Lipoprotein, and Coronary Heart Disease*? 


Lipid Value Dyslipidemia Comment 


TG 2.82—5.64 Borderline No change from 1983 
mmol/liter hypertriglyceridemia NIH consensus‘? 


TG >5.64 mmol/ Distinct No change from 1983 
liter hypertriglyceridemia NIH consensus‘? 


HDL-C <0.905 Low HDL-C Same cutpoint as in 

mmol/liter 1988 NCEP adult 
guidelines.*° 
Considered very high 
risk; cutpoint may be 
too low for women 
and certain other sub- 
populations 


HDL-C = high-density lipoprotein cholesterol; NCEP = National Cholesterol 
Education Program; NIH = U.S. National Institutes of Health; TG = triglyceride. 
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TABLE ili Treatment Recommendations of the 1992 NIH 
Consensus Development Conference on Triglyceride, High 
Density Lipoprotein, and Coronary Heart Disease*t 


Borderline HTG or low HDL-C 
(regardless of total choles- 
terol) 

Borderline HTG + low HDL-C + 
desirable LDL-C 


Hygienic measures should al- 
ways be instituted 


Hygienic measures. No consen- 
sus for the use of drug ther- 
apy, but may be considered in 
unusual cases when hygienic 
measures fail and CAD or 
strong risk profile is present 


Distinct HTG Hygienic measures are initial 
therapy. If hygienic measures 
fail, drug therapy is warranted 
to reduce the risk of pancre- 
atitis. Drugs should be con- 
sidered as initial therapy with 
hygienic measures if history of 


pancreatitis is present 


Special Cases 


Very low or absent HDL-C + Probably represents rare genetic 
desirable LDL-C + distinct disorders, which require ex- 
HTG pert evaluation; no specific 

therapy 


Hygienic measures and control 
of coexisting risk factors for 
CAD. Drugs that ordinarily 
increase HDL-C levels may be 
ineffectual 


Primary hypoalphalipoprotein- 
emia; low HDL-C; TG and 
LDL-C usually in desirable 
range 


*Data from NIH.42 

tTG and HDL-C cannot be interpreted in the absence of LDL-C. The NIH panel is in 
general agreement with the 1988 NCEP adult guidelines*® that LDL-C >4.14 
mmol/liter refractory to hygienic therapy may require drug therapy; considerations in 
the decision include presence of CAD or other risk factors (perhaps to include 
postmenopausal! status). Current data indicate that triglyceride concentrations may 
contribute to risk assessment and should be considered in making therapeutic 
decisions. 

tHTG and low HDL-C are defined in Table II. Desirable LDL-C is < 3.36 mmol/liter 
as established in the 1988 NCEP adult guidelines. *° 

§Beyond the clinical situations listed here, there is no consensus for treating isolated 
mild, sporadic HTG and/or low HDL-C with drugs in the general population. 

CAD = coronary artery disease; HDL-C = high-density lipoprotein cholesterol; 


HTG = Aga dey ple LDL-C = low-density lipoprotein cholesterol; NCEP = 


National Cholesterol Education Program; NIH = U.S. National Institutes of Health; 
TG = triglyceride. 
Adapted from Curr Opin Cardiol.*? 


on LDL cholesterol. Nonetheless, there is new 
evidence from the Prospective Cardiovascular Mün- 
ster (PROCAM) study*4 and from the Helsinki 
Heart Study*’ that persons with elevations of both 
LDL cholesterol and triglyceride and low levels of 
HDL cholesterol are at higher risk for coronary 
artery disease than persons with elevation of LDL 
alone. 

Thus, the International Committee’s diagnosis 
and treatment suggestions for hypertriglyceride- 
miaf! are stratified not only by triglyceride level, 
but also by LDL cholesterol level, the presence of 
additional risk factors, and the presence of addi- 
tional disease. Isolated moderate hypertriglyceride- 
mia is defined by a triglyceride value of 2.26—4.52 
mmol/liter. Persons with such hypertriglyceride- 
mia plus elevated LDL cholesterol (> 3.36 mmol/ 
liter) are considered to be at very high risk. Finally, 
an average triglyceride value > 4.52 mmol/liter is 


considered to constitute severe hypertriglyceride- 
mia. 

The International Committee** recommends that 
treatment of hypertriglyceridemia be considered 
on an individual basis. Treatment in most cases 
should focus on diagnosis and control of underly- 
ing diseases and on diet and other nonpharmaco- 
logic interventions, including stopping cigarette 
smoking, increasing physical activity, and restrict- 
ing alcohol consumption. When LDL cholesterol is 
elevated, the primary focus should be on treating 
that elevation. The use of a drug for treating 
hypertriglyceridemia alone is controversial and is 
not part of the recommendations of the Interna- 
tional Committee. Except for defining borderline 
hypertriglyceridemia as 6.47 versus 5.17 mmol/ 
liter, the recommendations of the National Insti- 
tutes of Health Consensus Development Confer- 
ence and those of the International Committee are 
quite similar. 


CONCLUSION 

The relation between plasma triglyceride level 
and coronary artery disease is very complex, in 
particular because of the close metabolic interrela- 
tion of the triglyceride-rich lipoproteins and HDL. 
Triglyceride level in patients with existing coronary 
artery disease, a strong family history of coronary 
artery disease, diabetes mellitus, renal failure, 
familial combined hyperlipidemia, or low HDL 
should receive special attention from the physician. 
When LDL cholesterol is low and triglyceride is 
elevated, a major interventional effort should be 
made. 
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Therapeutic Management of Triglycerides: An 
International Perspective 


Thomas A. Pearson, MD, PhD 


Current recommendations from various interna- 
tional expert committees generally concur in 
their definitions of borderline and high triglycer- 
ide levels, with small but important differences 
between recommendations in the definition of 
normal levels. However, population-based data 
on triglyceride levels are poorly developed in 
most countries, making difficult any international 
comparisons of prevalences of hypertriglyceride- 
mia using the new definitions. However, it is prob- 
able that there should be considerable differ- 
ences in the prevalence of hypertriglyceridemia, 
probably due to a mixture of genetic and environ- 
mental influences. The management of hypertri- 
glyceridemia must continue to emphasize the 
detection and correction of secondary causes, 
even though the specific secondary causes may 
vary between countries. Dietary and exercise in- 
terventions must deal with local customs and re- 
sources, including striking international differ- 
ences in alcohol consumption. Pharmacologic 
therapies will likely increase in use if they follow 
the trends in countries with available data. Al- 
though various drugs are available, nicotinic acid 
and fibric acid derivatives remain the drugs of 
choice. Considerably more research is needed to 
describe these international differences in etiol- 
ogy, prevalence and management practices of 


hypertriglyceridemia. 
(Am J Cardiol 1992;70:26H—31H) 
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r l Nhe increasingly recognized role of triglycer- 
ide-rich lipoproteins in atherogenesis has 
led to new recommendations for identifica- 

tion and management of elevated serum triglycer- 
ides, including new, lower action limits for fasting 
triglyceride levels.'~-’ These new recommendations, 
put forth by a panel of international experts from 
the lipid metabolism field, are potentially useful to 
physicians of all countries where atherosclerotic 
disease is the main cause of mortality. The impact 
of these recommendations, however, will differ 
from country to country, just as current recommen- 
dations for hypertriglyceridemia treatment differ 
among countries. Further, the magnitude of athero- 
sclerotic risk posed by elevated triglycerides may 
vary among nations because of differences in gene 
frequencies and environmental exposures. Manage- 
ment of hypertriglyceridemia may also vary be- 
cause of differences in secondary causes, local 
dietary customs, and limited availability of triglycer- 
ide-lowering drugs. These and other related issues 
are the focus of this review. 


CURRENT RECOMMENDATIONS 
REGARDING DEFINITIONS AND TREATMENT 
OF HYPERTRIGLYCERIDEMIA 

During the mid-to-late 1980s, expert commit- 
tees were convened from various professional 
groups interested in hyperlipidemia and atheroscle- 
rosis prevention to recommend definitions and 
management plans for hypertriglyceridemia.* 
Some committees discussed only hypertriglyceride- 
mia’; others discussed all lipid disorders, including 
those dealing with triglycerides.** Their recommen- 
dations for the definition of borderline and high 
triglyceride levels are consistent (Table I), with a 
rather narrow range of triglyceride levels used for 
definition of normal and high. Most also identified 
the risk of pancreatitis at even higher levels, 
although this varied from committee to committee. 

Although the range of definitions of normal 
triglyceride levels is small, these minimal changes 
in cutpoints translate into large differences in 
prevalence of borderline levels, given the distribu- 
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tion of triglycerides in the typical European or 
North American population. For example, the 
difference in prevalence of “abnormal” triglycer- 
ide levels using a cutpoint of >2.3 mmol/liter 
versus that of >2.8 mmol/liter in 40-59-year old 
U.S. white males would be approximately 20% 
versus 10%, respectively (Figure 1). Changing the 
cutpoint for high triglycerides from 5.6 to 4.5 
mmol/liter would have a relatively smaller impact 
on the number of persons entering treatment. 

Most recommendations emphasized examining 
triglyceride levels in the context of the entire lipid 
profile, including low-density lipoprotein (LDL) 
and high-density lipoprotein (HDL) cholesterol 
levels. Although dietary therapies were consis- 
tently advocated, enthusiasm for drug therapy 
varied considerably. 


INTERNATIONAL DIFFERENCES IN THE 
PREVALENCE OF HYPERTRIGLYCERIDEMIA 

There are few data about the prevalence of 
hypertriglyceridemia in various countries. In many 
large international studies, serum triglycerides were 
not routinely obtained or fasting samples were not 
required.’ Moreover, the association of triglyceride 
levels to age and gender would require the careful 
matching of comparison groups (Figure 2). The 
prevalence of hypertriglyceridemia in white males 
obviously increases dramatically in middle age. 
However, the likelihood that there would be sub- 
stantial differences in the prevalences of hypertri- 
glyceridemia between countries is great, since com- 
parisons of subgroups even within a country show 
substantial differences. For example, blacks in the 
United States have lower serum triglyceride levels 
than whites, especially men (Table II).* Thus, 
substantially more white males than other race and 
sex groups would be identified as borderline or 
high by the newly proposed definition of hypertri- 
glyceridemia. 

Genetic hypertriglyceridemias: Several ge- 
netic forms of hypertriglyceridemias have been 
identified (Table III).!° At least 2 of these disor- 
ders, familial combined hyperlipidemia!' and famil- 
ial dyslipidemic hypertension,'* are common, each 
affecting >15% of patients with coronary artery 
disease or hypertension. 

Specific gene polymorphisms have been linked 
to several of these disorders; most have not been 
described at the molecular level. Polymorphisms of 
apoprotein E are a good example of the genetic 
basis for a hyperlipidemia (i.e., remnant hyperlipid- 
emia) that might have considerable international, 
interracial, and interethnic variations (Table IV).'° 
The E2 polymorphism varies at least 2-fold, obvi- 





TABLE | Definitions of Normal, Borderline, and High Fasting 
Serum Triglyceride Levels: Recommendations of Various Expert 
Panels 


Serum Triglycerides (mmol/liter) 


High 
Borderline (drug therapy 
(diet) possible*) 


Normal 


Expert Committee (no therapy) 


U.S. Consensus Conference, <2.9 2.8-5.6 >5.6 
1984? 

European Atherosclerosis <2.3 2.3—5.6 > 5.6 
Society, 198734 

British Hyperlipidaemia Asso- <3.0 3.0-6.0 >6.0 
ciation, 19875 

Canadian Consensus Confer- <2.3 >2.3 — 
ence, 1988°t 

International Committee, <2.3 2.3—4.5 >4.5 


19917 
* After failure of diet. 
tFor adults > 30 years of age. 


ously affecting the prevalence of remnant hyperlip- 
idemia and possibly other lipid disorders. Other 
genetic hypertriglyceridemias, although unstudied, 
might contribute to an increased prevalence of 
elevated triglycerides in specific populations. 
Acquired hypertriglyceridemias: Numerous 
factors, including metabolic conditions, dietary 
constituents, and therapeutic drug regimens, have 
been identified as potential causes of elevated 


Frequency (%) 


117 23228 3:4 AL ae 


Plasma Triglyceride (mmol/L) 





FIGURE 1. Cumulative frequencies of fasting plasma tri- 

levels in white men and women, aged 40—59 
years, in the Lipid Research Clinics Prevalence Study 
(Visit 1). (Reprinted with permission from the Lipid 
Research Clinics.*) 
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TABLE II Mean and 90th Percentiles for Fasting Plasma 
Triglyceride Levels in Middle-Aged Whites Versus Blacks in the 
Lipid Research Clinics Prevalence Study of North America 
(Visit 1) 


Plasma Triglycerides (mmol/liter) 
Men Women 


90th 
Percentile 


90th 
Percentile 


Age 


(yr) Race Mean Mean 


30-34 
30-39 


Whites 1.4 2.4 1.0 1.6 
Blacks 1.2 1.9 0.9 1.5 


40-44 Whites 1.7 2.8 j le 1.9 
4 Blacks t: 


0-49 2.4 1st 1.7 
TABLE Ill Primary (Genetic) Focus of Hypertriglyceridemia 


Chylomicronemia (type !) 

Type V hyperlipoproteinemia 

Hepatic triglyceride lipase deficiency 

Remnant hyperlipidemia (type III) 

Familial hypertriglyceridemia 

Familial combined hyperlipidemia 

Hypertriglyceridemia in high-density lipoprotein deficiency 
Familial dyslipidemic hypertension 


Reprinted with permission from Assmann and Brewer.'° 


TABLE IV Apoprotein E (Apo E) Allele Frequencies and Mean 
Cholesterol Levels in 3 Populations 


Finland Germany Japan 












Mean cholesterol (mmol/liter) 5.6 4.8 


Apo E allele frequency 





E-2 0.04 0.08 0.04 
E-3 0.73 0.77 0.85 
E-4 0.23 0.15 0.11 


White Males 


Triglycerides (mmol/L) 


Age (years) 





serum triglyceride levels (Table V). Many are 
common, with known variations between coun- 
tries. For example, the prevalence of obesity varies 
markedly from country to country.'* A male with a 
body mass index of 28 kg/m? is at the 90th 
percentile in Beijing but at the 50th percentile in 
Kaunas, Lithuania. Thus, the increased prevalence 
of obesity in certain regions might be logically 
expected to predispose those populations to hyper- 
triglyceridemia. Similarly, populations prone to 
diabetes might be predicted to have higher preva- 
lences of elevated triglyceride levels. 

A country’s national diet, including alcoholic 
beverage consumption, is often an important defi- 
nition of the culture. However, the amount of fat 
(especially saturated fat) contributes to both obe- 
sity and hypertriglyceridemia. The international 
variation in the amount and sources of fat is 
considerable, suggesting that societies with high fat 
consumption may have higher triglyceride levels 
(Figure 3). Conversely, societies in which most of 
the fat comes from fish might be expected to have 
low triglyceride levels. 

Few dietary constituents vary as much as alcohol 
consumption.'* The relation of alcohol to serum 
triglycerides has been well described and may 
constitute a gene—environment interaction in some 
persons.'° Thus we might expect to find lower 
triglyceride levels in Norway than in France, with 
its 24-fold higher wine consumption. 

Finally, various pharmacologic agents, including 
B blockers, thiazides, and retinoids, affect serum 
triglyceride levels. Female sex hormones, specifi- 
cally estrogens (Table VT), are the most widely 
used agents with potent triglyceride effects. The 


White Females (Total) 


FIGURE 2. Means and selected 
percentiles of fasting plasma tri- 
glyceride levels in white males 
and females by age in the Lipid 
Research Clinics Prevalence 
Study (Visit 1). (Adapted with per- 
mission from the Lipid Research 
Clinics.®) 
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prevalence of triglyceride levels >2.3 mmol/liter 
in women using sex hormones exceeds 10% at ages 
>40 years, whereas these levels are much less 
common in nonusers. Of course, postmenopausal 
estrogen use has been associated with a 30-50% 
reduction in coronary risk. Although these triglyc- 
eride elevations would not be associated with risk, 
they would still be identified in any screening 
program involving serum triglyceride levels. 


CURRENT THERAPEUTIC MANAGEMENT OF 
TRIGLYCERIDES 

Treatment of secondary causes: The first step 
in the management of hypertriglyceridemia is the 
identification and correction of secondary causes 
(Table V). Just as the prevalence of diabetes, 
hypothyroidism, nephrotic syndrome, renal failure, 
and paraproteinemias differs between countries, 
the prioritization of testing may also change. How- 
ever, consideration of all these causes and simple 
testing for these conditions should be standard 
practice in all countries. 

Nonpharmacologic therapy: Attaining ideal 
body weight is the cornerstone of nonpharmaco- 
logic therapy for hypertriglyceridemia. Obviously, 
the high prevalence of obesity in some societies 
may tax even the most well-equipped health care 
system, particularly since weight management is 
often characterized by high labor input and high 
failure rates. Nonetheless, caloric restrictions— 
especially restriction of fat and simple sugars— 
should be universally recommended. However, a 
program of safe physical activity to accelerate 
caloric expenditure is also necessary. The availabil- 
ity of nutritional counseling services and the neces- 
sity for physical activity influences how easily obe- 
sity can be controlled. 

Reducing saturated fat input is recommended 
as part of a prudent diet and will affect triglyceride 
levels. Again, local dietary customs and each na- 


FIGURE 3. Trends from selected 

countries in the consumption of Fat 
animal and vegetable fats be- Consumption/ 
tween 1961 and 1985 in grams Day/Person 
consumed per person per day. (g) 
(Reprinted with from 

Int J Epidemiol.) 


Portugal 





TABLE V Acquired Forms of Hypertriglyceridemia 


Metabolic conditions 












Diabetes mellitus Nephrotic syndrome 

Obesity Renal failure 

Hypothyroidism Paraproteinemias 
Dietary factors 


Fat and saturated fat 
Simple sugars 


Alcohol 

Drugs 
Estrogens Retinoids 
Beta blockers Thiazides 





TABLE VI Fasting Plasma Triglyceride Levels in White Women 
Using Sex Hormones Versus White Women Not Using Sex 
Hormones 


Plasma Triglycerides (mmol/liter) 
Users Nonusers 


90th 
Percentile 


90th 


Age (yr) Mean Percentile 


Reprinted with permission from the Lipid Research Clinics.® 


tion’s agricultural sector will influence the availabil- 
ity of sources high in saturated fat. Likewise, the 
availability of fish high in omega-3 fatty acids will 
influence triglyceride levels, both as a substitute for 
foods high in saturated fat and as a foodstuff with 
direct triglyceride-lowering properties. 

Finally, controlling alcohol consumption may be 
easier in some countries than others, depending on 
the role of wine and beer as daily beverages in 
some countries versus their role as social beverages 
in other countries. 

Pharmacologic therapy: Nicotinic acid and 
fibric acid derivatives remain the drugs of choice 
for hypertriglyceridemia. Various forms of niacin 


4-7“ Vegetable fat 
e—e Animal fat 


United 
Kingdom 


France Denmark Germany Norway 
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TABLE VII Use of Lipid-Lowering Medications in Patient Days 
per 100 People per Year and Compounded Growth Rates per 
Year in 8 Selected Countries* 


Compounded Growth 
Rate/Year 
1983-1987 


Patient Days/ 100 People 


Country 1983 1987 


99.69 
29.01 
653.49 
193.94 
138.29 
74.42 
United Kingdom 13.15 
United States 25.66 
*Patient—-day estimates, which were provided by Warner-Lambert Company, were 
derived from underlying market research data provided by 2 market research firms. 
These firms gave permission to Warner-Lambert Company to make these derived data 


available for the purpose of this study. 
Reprinted with permission from /nt J Epidemiol. 18 


Belgium 
Canada 
France 

West Germany 
Italy 

Spain 


are available; it is unknown whether the regular 
form of niacin versus the slow-release form is used 
preferentially in specific countries. Various fibric 
acid derivatives are available; gemfibrozil is the 
dominant form in the U.S. market. Bezafibrate, 
gemfibrozil, fenofibrate, and ciprofibrate are used 
in Europe and other regions; clofibrate is another 
fibric acid derivative. Bezafibrate, fenofibrate, and 
ciprofibrate appear to have greater LDL cholester- 
ol-lowering effects than gemfibrozil, but their role 
in the management of hypertriglyceridemia is less 
well defined.!© 3-Hydroxy-3-methylglutaryl coen- 
zyme A (HMG-CoA) reductase inhibitors appar- 
ently are modestly effective in mixed hyperlipid- 
emias!’ but not in pure hypertriglyceridemias. Fish 
oil supplements should not be considered as pri- 
mary drug therapy for hypertriglyceridemia but 
may be used in daily doses of 12-20 g as adjunct 
therapy in cases resistant to other agents. 
Considerable differences exist between coun- 
tries in their use of lipid-lowering medications 
(Table VII).'® For example, France has a 12-fold 


Dispensed Prescriptions of Major 
Cholesterol-Lowering Agents (1,000s) 





higher usage of these agents than the United 
States. Unfortunately, the agents prescribed and 
their indications are unknown. However, these 
differences in levels of prescription may be due 
partly to differences in prevalence of hyperlipid- 
emias, including hypertriglyceridemia. The magni- 
tude of the differences suggests that local stan- 
dards of medical practice are also a contributing 
factor. 

The United States is undergoing a dynamic 
change in the use of lipid-lowering medications. 
The rate of increased use of these agents in the 
United States exceeds most other Western coun- 
tries (Table VII). The overall increase in prescrip- 
tion use has been accompanied by changes in the 
specific agents prescribed (Figure 4).'? Clofibrate 
dominated the U.S. market in 1978 with 81% of 
prescriptions, until the World Health Organization 
Collaborative Trial,” which reported increased 
mortality in the clofibrate group, led to a drop in its 
popularity. 

Gemfibrozil, however, has greatly increased in 
use since its introduction in 1982, buoyed by the 
findings of the Helsinki Heart Study?! of its safety 
and efficacy in reducing cardiac events. The third 
triglyceride-lowering drug, nicotinic acid, has mod- 
erately increased in use, plateauing at a current 8% 
of prescriptions (not including over-the-counter 
sales). 

Few international data are available on the 
current prescribing practices for the specific indica- 
tion of hypertriglyceridemia. A recent survey of 
prescriptions written in the United States suggests 
that gemfibrozil is prescribed in almost 80% of the 
cases of pure hypertriglyceridemia treated with 
drugs (Table VIII; International Marketing Ser- 
vices, New York, New York, unpublished data). 
Interestingly, approximately 14% of these cases are 
prescribed lovastatin, which is not considered a 


Gemfibrozil 


Lovastatin 

FIGURE 4. Estimated number of 
dispensed prescriptions of major 
cholesterol-lowering medications 
for 1978 through 1988 in the 
United States based on the Na- 
tional Prescription Audit. (Re- 
printed with permission from 
JAMA.**) 
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TABLE VIII Drugs Prescribed for Hypertriglyceridemia and for 
Other Hyperlipidemias in a Survey of United States Pharmacies, 
March-April 1991 


Other 
Hypertriglyceridemia Hyperlipidemias 
(n = 351) (n = 3,747) 
(%) (%) 
Niacin 
Slo-Niacin 
Lovastatin 
Gemfibrozil 
Resin 
Probucol 


Source of data: International Marketing Services, New York, New York. 


first-line drug for this condition. Noteworthy is the 
10-fold difference in the number of prescriptions 
written for other hyperlipidemias. Presumably this 
consists largely of cases of combined hyperlipid- 
emia and probably reflects the high prevalence of 
combined hyperlipidemia relative to other lipid 
disorders. In this category, the leading agents are 
gemfibrozil and lovastatin, with approximately 42% 
and 36% of prescriptions, respectively. Niacin 
constitutes only 5-6%, which almost certainly rep- 
resents an underestimation because niacin is avail- 
able over the counter. 


CONCLUSION 

Current recommendations from various interna- 
tional expert committees generally concur in their 
definitions of borderline and high triglyceride lev- 
els, with small but important differences between 
recommendations in the definition of normal lev- 
els. However, population-based data on triglycer- 
ide levels are poorly developed in most countries, 
making difficult any international comparisons of 
prevalences of hypertriglyceridemia using the new 
definitions. Thus, the impact of the new recommen- 
dations is difficult to gauge on a country-by-country 
basis. However, it is probable that there should be 
considerable differences in the prevalence of hyper- 
triglyceridemia, probably due to a mixture of ge- 
netic and environmental influences. The manage- 
ment of hypertriglyceridemia must continue to 
emphasize the detection and correction of second- 
ary causes, even though the specific secondary 
causes may vary between countries. Dietary and 
exercise interventions must deal with local customs 
and resources, including striking international dif- 
ferences in alcohol consumption. Pharmacologic 
therapies will likely increase in use if they follow 
the trends in countries with available data. Al- 
though various drugs are available, nicotinic acid 





and fibric acid derivatives remain the drugs of 
choice. Considerably more research is needed to 
describe these international differences in etiology, 
prevalence, and management practices of hypertri- 
glyceridemia. A worldwide consensus in the defini- 
tion, detection, and treatment of hypertriglyceride- 
mia would be a major step in refocusing our 
attention on this potentially important risk factor. 
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